immm 

1  .vTWWr 

$  ■  -  i  Hjmm . 

mfim  \JT 

■2h,v  .-sr-"*  « 

r  wmJM 

f ,  ^nkri^Hr  ’w  (i 

%\\  %  \ 

1 

r  I-' 

I  _ 

l 

H 

BOSTON  PUBLIC  LIBRARY 

Copley  Square 


’ 


Digitized  by  the  Internet  Archive 
in  2018  with  funding  from 
Kahle/Austin  Foundation 


https://archive.org/details/lasersraygunsligOOmcco 


Lasers,  Ray  Guns, 
and  Light  Cannons 


Other  books  by  Gordon  McComb 

Gordon  McComb ’s  Gadgeteer’s  Goldmine 
Troubleshooting  and  Repairing  VCRs — Third  Edition 


Lasers,  Ray  Guns, 
and  Light  Cannons 

Projects  from  the 
Wizard's  Workbench 

Gordon  McComb 


McGraw-Hill 

New  York  San  Francisco  Washington,  D.C.  Auckland  Bogota 
Caracas  Lisbon  London  Madrid  Mexico  City  Milan 
Montreal  New  Delhi  San  Juan  Singapore 
Sydney  Tokyo  Toronto 


Library  of  Congress  Cataloging-in-Publication  Data 

McComb,  Gordon. 

Lasers,  ray  guns,  and  light  cannon  :  projects  from  the  wizard’s 
workbench  /  Gordon  McComb. 
p.  cm. 

Includes  index. 

ISBN  0-07-045034-X.  —  ISBN  0-07-045035-8  (pbk.) 

1.  Lasers — Experiments.  I.  McComb,  Gordon.  Laser  cookbook. 

II.  Title. 

TA1675.M39  1997 

621.36'6 — dc21  97-989 

CIP 

McGraw-Hill 

A  Division  of  The  McGraw-Hill  Companies 

Copyright  ©  1997  by  The  McGraw-Hill  Companies,  Inc.  All  rights  reserved.  Printed 
in  the  United  States  of  America.  Except  as  permitted  under  the  United  States  Copy¬ 
right  Act  of  1976,  no  part  of  this  publication  may  be  reproduced  or  distributed  in  any 
form  or  by  any  means,  or  stored  in  a  data  base  or  retrieval  system,  without  the  prior 
written  permission  of  the  publisher. 

1234567890  DOC/DOC  9  0  2  1  0  9  8  7 

ISBN  0-07-045035-8  (PBK) 

0-07-045034-X  (HC) 

The  sponsoring  editor  for  this  book  was  Scott  Grillo,  the  editing  supervisor  was 
Andrew  Yoder,  and  the  production  supervisor  was  Claire  Stanley.  It  was  set  in  ITC 
Century  Light  by  Jana  Fisher  through  the  services  of  Barry  E.  Brown  (Broker — Edit¬ 
ing,  Design  and  Production) . 

Printed  and  bound  by  R.  R.  Donnelley  &  Sons  Company. 

McGraw-Hill  books  are  available  at  special  quantity  discounts  to  use  as  premiums 
and  sales  promotions,  or  for  use  in  corporate  training  programs.  For  more  informa¬ 
tion,  please  write  to  the  Director  of  Special  Sales,  McGraw-Hill,  11  West  19th  Street, 
New  York,  NY  10011.  Or  contact  your  local  bookstore. 


This  book  is  printed  on  recycled,  acid-free  paper  containing  a  minimum  of 
50%  recycled,  de-inked  fiber. 


Information  contained  in  this  work  has  been  obtained  by  The 
McGraw-Hill  Companies,  Inc.  (“McGraw-Hill”)  from  sources 
believed  to  be  reliable.  However,  neither  McGraw-Hill  nor  its 
authors  guarantees  the  accuracy  or  completeness  of  any  informa¬ 
tion  published  herein  and  neither  McGraw-Hill  nor  its  authors 
shall  be  responsible  for  any  errors,  omissions,  or  damages  aris¬ 
ing  out  of  use  of  this  information.  This  work  is  published  with 
the  understanding  that  McGraw-Hill  and  its  authors  are  supply¬ 
ing  information  but  are  not  attempting  to  render  engineering  or 
other  professional  services.  If  such  services  are  required,  the 
assistance  of  an  appropriate  professional  should  be  sought. 


Dedication 

To  my  wife,  Jennifer,  who  knows — and  accepts — that  the 
books  I  write  are  only  excuses  to  play  with  gadgets  and  toys. 


Contents 


Acknowledgments  xiii 

Introduction  xv 

Who  this  book  is  for  xvi 
How  to  use  this  book  xvi 
Conventions  used  in  this  book  xvii 
Safety  first  xvii 

1  Introduction  to  lasers  I 

Einstein  as  the  spark  2 

Raising  atoms  2 

Let  there  be  laser  light  3 

Types  of  lasers  5 

Light  and  wavelengths  8 

Power  output  13 

Components  of  the  laser  14 

The  properties  of  laser  light  15 

The  birth  of  the  laser  15 

Will  the  real  father  of  the  laser  please  stand  up? 

2  Working  with  lasers  1 9 

Basic  skills  19 
Laser  safety  20 
Laser  light  radiation  23 
High-voltage  electrocution  25 
Projects  safety  27 


16 


viii  Contents 


3  Introduction  to  optics  29 

Fundamentals  of  the  simple  lens  29 

Lenses  as  refractive  media  31 

Lens  types  33 

Lens  coatings  36 

The  function  of  mirrors  36 

Other  optical  components  38 

Buying  optics  44 

Care,  cleaning,  and  storage  of  optics  45 

4  Experimenting  with  light  and  optics 

High-output  LEDs  49 
Building  the  simulated  laser  50 
Beam  collimation  51 
Optical  experiments  53 

5  All  about  helium-neon  lasers  59 

Anatomy  of  a  He-Ne  laser  tube  59 

Laser  varieties  62 

The  power  supply  62 

Power  output  65 

Physical  size  66 

Beam  characteristics  66 

He-Ne  colors  70 

The  role  of  the  ballast  resistor  71 

Buying  and  testing  He-Ne  tubes  72 

Powering  the  tube  75 

Using  the  tube  75 

6  Build  a  He-Ne  laser  77 

Build  an  all-in-one  lab  laser  77 
Build  an  enclosed  laser  head  81 
Build  a  compact  laser  breadboard  87 

7  Constructing  an  optical  bench  91 

Basic  2'-x-4'  optical  bench  91 
Enhanced  4'-x-4'  optical  bench  92 
Using  optical  benches  95 
Optical  breadboard  components  96 
Laser  and  optics  mounts  97 
Advanced  optical  system  design  107 

8  Laser  optics  experiments  113 

Experimenting  with  refraction  113 
Experimenting  with  reflection  116 


Contents  ix 


Experimenting  with  diffraction  118 
Polarized  light  and  polarizing  materials  125 
Manipulating  the  laser  beam  131 

9  Build  a  Michelson  interferometer  1 35 

A  short  history  135 
Building  your  own  interferometer  137 
Modifying  the  interferometer  149 
Interferometric  experiments  150 
Other  types  of  interferometers  151 

10  Introduction  to  semiconductor  lasers  15  7 

The  insides  of  a  semiconductor  laser  157 

Powering  a  diode  laser  1 59 

Handling  and  safety  precautions  1 62 

Mounting  and  heatsinks  1 63 

Sources  for  laser  diodes  1 63 

Build  a  pocket  laser  diode  1 65 

Using  the  pocket  laser  167 

1 1  Laser  power  supplies  1 69 

About  helium-neon  power  supplies  1 69 
Basic  He-Ne  12-volt  power  supply  1 70 
Pulse-modulated  dc-operated  He-Ne  supply  1 74 
Ac-operated  He-Ne  power  supply  177 
Enclosing  the  He-Ne  power  supplies  1 78 

12  Build  an  experimenter's  power  supply  181 

Multiple-voltage  power  supply  181 
Adjustable-voltage  power  supply  183 
Inspection  and  testing  183 
Battery-pack  regulators  184 

13  Free-air  laser  light  communications  187 

Light  as  a  modulation  medium  187 
Long-range  light- wave  communications  link  1 88 
Acoustic  modulation  194 

Electronic  modulation  of  helium -neon  lasers  197 

14  Advanced  projects  in  laser  communication  201 

Data  transmission  201 

Alternate  He-Ne  laser  photosensor  206 

15  Lasers  and  fiberoptics  209 

How  fiberoptics  work  209 
Tfypes  of  optical  fibers  21 1 


x  Contents 


Working  with  fiber  op  tics  212 
Fiberoptic  connectors  212 
Build  a  laser  data  link  21 4 

More  experiments  with  lasers  and  fiberopties  218 

16  Experiments  in  laser  seismology  223 

The  Richter  scale  224 

How  electromagnetic  seismographs  work  225 
Constructing  the  seismograph  226 

17  Beginning  holography  231 

A  short  history  of  holography  231 
What  a  hologram  is — and  isn’t  232 
What  you  need  233 
The  isolation  table  234 
The  darkroom  237 

Optics,  film,  film  holders,  and  chemicals  238 
Single-beam  transmission  setup  241 
Intermediate  holography  246 
Split-beam  transmission  hologram  250 

18  Advanced  holography  253 

Advanced  sandbox  253 
Making  a  reflection  hologram  257 
Viewing  reflection  holograms  259 
Improved  reflection  holograms  260 
Advanced  holographic  setups  260 
Hologram  gallery  265 

19  Basic  laser  light  shows  269 

The  “Spirograph”  effect  269 
Sound-modulated  mirrors  278 
Sound  modulation  of  airplane  servos  284 
Simple  scanning  systems  287 

20  Advanced  laser  light  shows  291 

Where  to  have  a  light  show  291 

Experimenting  with  galvanometers  292 

Smoke  effects  308 

Using  argon  and  krypton  lasers  309 

You  and  Uncle  Sam  31 0 

Going  professional  31 0 

21  Building  laser  "ray  guns"  and  light  cannons 

An  overview  of  land/space  laser  weapons  314 
Small-scale  weapons  using  lab-type  lasers  315 


313 


Contents  xi 


Build  your  own  helium-neon  laser  pistol  315 
Adding  on  to  the  laser  pistol  321 
Applications  for  the  laser  pistol  323 
Build  a  compact  laser  ray  gun  325 
Build  a  laser  light  cannon  327 
Build  a  compact  diode  laser  gun  329 
About  lasers  in  laser  pointers  329 

22  More  laser  projects!  331 

Optical  switch  using  LCD  panel  33 1 

Build  a  laser  “snooper”  332 

Laser  tachometer  334 

Perimeter  burglar  alarm  337 

Basics  of  the  laser  gyroscope  337 

Studying  fluid  aerodynamics  340 

Cryogenic  cooling  of  semiconductor  lasers  340 

Additional  projects  341 

23  Tools  and  supplies  for  laser  experimentation  343 

Construction  tools  343 
Electronic  tools  345 
Volt-ohmmeter  346 
Logic  probe  349 
Logic  pulser  350 
Oscilloscope  351 
Frequency  meter  352 
Wire-wrapping  tool  352 
Breadboard  354 
Hardware  supplies  354 
Extruded  aluminum  355 
Angle  brackets  355 

Electronic  supplies  and  components  355 
Circuit  boards  358 
Setting  up  shop  359 

24  Buying  laser  parts  361 

Places  to  buy  361 

Buying  lasers  and  laser  power  supplies  364 

25  Controlling  laser  beams  with  your  computer!  367 

Interface  circuitry  367 
Moving  mirror  to  control  the  beam  370 
Connecting  to  the  parallel  port  371 
Using  the  port  to  operate  a  motor  375 
Other  software  approaches  377 
Using  a  computer  to  control  a  servo  377 


A  Sources  379 

Components,  parts,  and  systems  379 
Other  important  addresses  391 

B  Further  reading  393 

Magazines  393 
Books  394 

Glossary  397 
Index  409 


A  ckno  wledgments 


Writing  books,  like  this  one,  provides  many  rewards.  One  such  reward  is  the  chance 
to  meet  and  exchange  ideas  with  interesting  and  helpful  people.  I  am  indebted  to  the 
help  and  consideration  provided  by  the  following  people:  Dennis  Meredith  of  Mered¬ 
ith  Instruments,  Roger  Sonntag  of  General  Science  and  Engineering,  Jeff  Korman, 
Sam  Frisher,  and  Anthony  Charlton.  And  special  thanks  to  Forrest  Mims  III  for  his  pi¬ 
oneering  work  in  hobby  electronics  and  lasers. 

Where  appropriate,  I’ve  provided  credit  to  those  who  provided  circuit  designs 
and  ideas.  This  book  would  not  be  possible  without  their  expert  contributions. 

The  “behind  the  scenes”  people  made  a  great  impact  in  the  preparation  of  this 
book  and  I  gratefully  acknowledge  their  assistance.  Thanks  go  to  Roland  Phelps  at 
TAB/McGraw-Hill  and  to  my  agents  Bill  Gladstone  and  Matt  Wagner.  Finally,  my 
brother  Lee  McComb  and  father  Wally  McComb,  helped  answer  my  endless  ques¬ 
tions  about  lasers  surveying,  mathematics,  and  earthquakes. 


Introduction 


You’ve  just  bought  a  surplus  helium-neon  gas  laser  at  a  local  swap  meet.  You  get  it 
home,  plug  it  in,  and  marvel  at  the  incredibly  bright,  red  spot  it  projects  on  the  wall. 
Your  friends  and  family  seem  interested,  but  they  keep  asking  you  “What’s  it  good 
for?”  You  mumble  something  about  holography  and  gun  sights,  but  your  interest 
soon  wanes. 

You  grow  tired  of  playing  “laser  tag”  with  the  cat  or  bouncing  the  beam  off  re¬ 
flective  objects  in  your  living  room.  Your  toy  soon  finds  its  place  in  the  dusty  confines 
of  the  closet.  You’ve  run  out  of  things  to  do  with  the  laser  and  you  soon  move  on  to 
other  hobbies. 

It’s  time  to  get  that  laser  out  of  the  closet!  Lasers,  Ray  Guns,  and  Light  Can¬ 
nons!  shows  you  over  88  inexpensive  laser-based  projects  from  experimenting  with 
laser  optics  to  constructing  a  laser  optical  bench  to  using  lasers  to  make  stunning 
holograms.  All  the  projects  are  geared  toward  garage/shop  tinkering  with  a  special 
emphasis  on  minimizing  the  budget.  The  book  mixes  the  history  of  lasers,  how  lasers 
work,  and  practical  applications  in  an  easy-to-read  and  fun  text  that’s  suitable  for  ex¬ 
perimenters  of  all  ages. 

Among  the  topics  in  this  book,  you’ll  learn  how  to  use  lasers  for: 

•  laser  “ray”  guns 

•  light  cannons 

•  laser  light  shows 

•  holography 

•  optics  and  optical  experiments 

•  laser-beam  intrusion  and  detection  systems 

•  aerodynamics  and  airflow  study 

•  coherent-light  seismology 

•  laser-beam  communication 

•  laser  and  fiberoptics  links 

•  precision  measurement 
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xvi  Introduction 


Though  the  laser  is  a  relatively  new  invention,  it  has  undergone  many  refine¬ 
ments  and  improvements  since  the  first  successful  prototype  was  tested  by 
Theodore  Maiman  in  1960.  And  its  cost  has  been  drastically  reduced.  Today,  lasers 
are  inexpensive,  almost  throw-away  devices  and  are  used  in  numerous  consumer 
products  and  electronic  systems.  Lasers  are  everywhere — from  the  phone  lines  that 
connect  home  to  office  to  the  electronics  that  play  back  sound  and  pictures  encoded 
on  a  videodisc  to  the  bar-code  scanning  system  used  at  the  supermarket. 

Lasers  are  available  to  even  the  most  budget-conscious  hobbyists,  so  if  you  don’t 
already  have  one  (whether  in  the  closet  or  not) ,  don’t  despair.  Surplus  gas  lasers  can 
often  be  purchased  for  less  than  $100,  and  the  latest  semiconductor  lasers — not 
available  in  visible  light  versions — cost  under  $50  new  (often  less  in  surplus).  The 
tools  are  here  to  bring  laser  technology  to  the  common  masses.  All  that’s  needed  is  a 
book  to  show  how  the  pieces  fit  together.  This  is  that  book. 

Who  this  book  is  for 

This  book  is  written  for  a  wide  variety  of  readers.  If  you’re  into  electronics,  you’ll  en¬ 
joy  the  many  circuits  you  can  build,  including  one  that  lets  you  carry  your  voice  over 
a  beam  of  light,  or  the  project  that  can  detect  the  presence  of  intruders  around  a 
campsite.  A  number  of  the  projects  are  excellent  springboards  for  science  fairs.  These 
include  measuring — with  astonishing  accuracy — the  speed  of  light,  seismology,  and 
hydrodynamics.  Last,  this  book  is  a  gold  mine  for  the  gadgeteer.  Lasers  represent  the 
ultimate  in  space-age  technology,  but  Lasers,  Ray  Guns,  and  Light  Cannons!  pre¬ 
sents  numerous  laser-based  gadgets  that  you  can  readily  build  in  your  garage. 

In  all  cases,  the  designs  used  in  this  book  have  been  tested  in  prototype  form.  I 
encourage  you  to  improve  on  the  basic  designs,  but  you  can  rest  assured  that  the 
projects  have  actually  been  tried  and  field  tested,  either  by  me  or  the  original  de¬ 
signer  of  the  circuit. 

The  projects  herein  include  all  the  necessary  information  on  how  to  construct 
the  essential  building  blocks  of  high-tech  laser  projects.  Suggested  alternative  ap¬ 
proaches,  parts  lists,  and  sources  of  electronic  and  mechanical  components  are  also 
provided,  where  appropriate. 

How  to  use  this  book 

Lasers,  Ray  Guns,  and  Light  Cannons!  is  divided  into  25  chapters.  Most  chapters 
present  one  or  more  actual  hands-on  projects  that  you  can  duplicate  for  your  own 
laser  creations.  Whenever  practical,  I  designed  the  components  as  discrete  building 
blocks  so  that  you  can  combine  the  blocks  in  just  about  any  configuration  you  desire. 
That  way,  you  are  not  tied  down  to  one  of  my  designs.  You’re  free  to  experiment  on 
your  own. 

If  you  have  some  experience  in  electronics,  mechanics,  or  lasers  in  general,  you 
can  skip  around  and  read  only  those  chapters  that  provide  the  information  you’re 
looking  for.  Like  the  laser  designs  presented,  the  chapters  are  very  much  stand-alone 
modules.  This  allows  you  to  pick  and  choose,  using  your  time  to  its  best  advantage. 
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However,  if  you’re  new  to  lasers  and  the  varied  disciplines  that  go  into  them,  you 
should  take  a  more  pedestrian  approach  and  read  as  much  of  the  book  as  possible. 
In  this  way,  you’ll  get  a  thorough  understanding  of  how  lasers  tick  and  the  myriad 
ways  you  can  use  them. 


Conventions  used  in  this  book 


You  need  little  advance  information  before  you  can  jump  head-first  into  this  book, 
but  you  should  take  note  of  a  few  conventions  I’ve  used  in  the  description  of  elec¬ 
tronic  parts  and  in  the  schematic  diagrams  for  the  electronic  circuits. 

TTL  integrated  circuits  are  referenced  by  their  standard  74XX  number.  The 
“LS”  identifier  is  assumed.  I  built  most  of  the  circuits  using  LS  TTL  chips,  but  the 
projects  should  work  with  the  other  TTL-family  chips — the  standard  (non-LS)  chips, 
as  well  as  those  with  the  S,  ALS,  and  C  identifiers.  If  you  use  a  type  of  TTL  chip  other 
than  LS,  you  should  consider  current  consumption,  fan-out,  and  other  design  crite¬ 
ria  because  these  factors  can  affect  the  operation  or  performance  of  the  circuit. 

In  some  cases,  however,  a  certain  TTL-compatible  IC  is  specified  in  a  design.  Un¬ 
less  the  accompanying  text  recommends  otherwise,  you  should  use  only  the  chip 
specified.  Certain  CMOS  TTL-compatible  chips  offer  the  same  functions  as  a  sister 
IC,  but  the  pinouts  and  operation  might  differ. 

The  chart  in  Fig.  1-1  details  the  conventions  used  in  the  schematic  diagrams.  No¬ 
tice  that  unconnected  wires  are  shown  by  a  direct  cross  of  lines,  a  broken  line,  or  a 
“looped”  line.  Connected  wires  are  only  shown  by  a  connecting  dot. 

Details  on  the  specific  parts  used  in  the  circuits  are  provided  in  the  parts  list  ta¬ 
bles  that  accompany  each  schematic.  Refer  to  the  parts  list  for  information  on  resis¬ 
tor  and  capacitor  type,  tolerance,  and  wattage  or  voltage  ratings. 

In  all  schematics,  the  parts  are  referenced  by  component  type  and  number. 

•  IC#  means  an  integrated  circuit  (IC). 

•  R#  means  a  resistor  or  potentiometer  (variable  resistor). 

•  C#  means  a  capacitor. 

•  D#  means  a  diode,  a  zener  diode,  and  sometimes  a  light-sensitive 
photodiode. 

•  Q#  means  a  transistor  and  sometimes  a  light-sensitive  phototransistor. 

•  LED#  means  a  light-emitting  diode  (most  any  visible  LED  will  do  unless  the 
parts  list  specifically  calls  for  an  infrared  LED). 

•  XTAL#  means  a  crystal  or  ceramic  resonator. 

•  S#  means  a  switch,  RL#  means  a  relay,  SPKR#  means  a  speaker,  and  MIC# 
means  a  microphone. 


It’s  hard  to  imagine  that  something  as  fun  as  lasers  can  be  potentially  dangerous. 
While  the  types  of  lasers  commonly  available  to  experimenters  do  not  pose  a  great 
radiation  emission  hazard,  they  can  do  damage  if  mishandled.  This  point  is  reiterated 
in  later  chapters,  but  it’s  worth  mentioning  here:  NEVER  LOOK  DIRECTLY  INTO 
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THE  LASER  BEAM.  The  intensity  and  needle-sharp  focus  of  the  beam  can  do  your 
eyes  harm. 

Perhaps  more  importantly,  gas  lasers,  such  as  the  helium-neon  type,  require 
high-voltage  power  supplies.  These  power  supplies  generate  from  1000  to  10,000 
volts.  Though  the  current  provided  from  these  power  supplies  is  low  (generally  un¬ 
der  7  mA),  a  5000-  or  10,000-volt  jolt  is  enough  to  at  least  knock  you  down.  The 
power  supply  of  a  laser  is  not  a  toy  and  it  should  be  considered  potentially  lethal. 


Unconnected  Wires 


Connected  Wires 


O  Output 
<□  Input 


Digital  or  Computer  Signal; 
TTL/CMOS/(xP  Compatible 


Ground 


Voltage,  Analog  Signal, 
Non  TTL-Compatible 
Input  or  Output 


V+  power 

o 


Resistors 
in  K  Ohms 


Capacitors 
in  pF  (microFarads) 


Input 


Output 


R1 


Unless  Otherwise  Indicated... 


Ground 

Unless  Otherwise  Indicated... 


1-1  Conventions  used  in  the  schematic  diagrams  in  this  book. 
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CHAPTER 

Introduction  to  lasers 


Think  how  boring  science  fiction  movies  would  be  if  lasers  did  not  exist.  There  would 
be  no  gallant  laser  sword  fights  between  good  guy  and  bad  guy;  no  interstellar  space¬ 
ships  shooting  darts  of  light  at  one  another;  no  packets  of  photon  energy  hurled 
through  the  air  like  matterless  hand  grenades.  Movies  and  television  shows  such  as 
Star  Wars ,  Star  Trek,  War  of  the  Worlds ,  Predator ,  and  Day  the  Earth  Stood 
Still — along  with  countless  others — owe  a  great  deal  of  their  spine-tingling  suspense 
and  fast-paced  action  sequences  to  the  laser. 

Although  lasers  are  most  often  regarded  by  the  general  public  as  exotic 
weaponry,  this  intriguing  and  fascinating  scientific  instrument  enjoys  a  far  greater 
involvement  in  peacetime  applications.  Lasers  of  one  type  or  another  are  used  in: 

•  Supermarket  scanning  systems  to  instantly  read  the  bar  code  label  on 
packaged  goods. 

•  Audio  compact  disc  players  to  play  music  with  incredible  fidelity. 

•  Leveling  instruments,  used  at  construction  sites  to  ensure  perfectly  flat 
grading  and  absolutely  straight  pipe  laying. 

•  Light  shows,  where  the  beam  of  the  laser  dances  to  the  beat  of  the  music 
and  makes  beautiful  sinuous  shapes. 

•  Holography,  a  special  type  of  photography  that  captures  a  three-dimensional 
view  of  an  object. 

•  Communications  systems,  where  voice,  pictures,  or  computer  data  is 
transmitted  through  air  or  optical  fibers  on  a  beam  of  light. 

Lasers  are  also  used  in  gyroscopic  inertial  guidance  systems  on  board  commercial 
and  military  aircraft,  in  rifle  and  pistol  range  target  practice,  for  rifle  scopes,  optical 
component  testing,  medicine  (such  as  a  high-tech  substitute  for  the  scalpel),  optical 
radar,  precision  rangefinders,  and  many  other  diverse  products  and  applications. 

This  book  shows  how  to  design  and  build  your  own  laser  systems  for  holography, 
light-wave  communications,  target  practice  guns,  light  shows,  and  more.  But  first 
understand  some  basics.  This  chapter  covers  the  fundamentals  of  lasers:  how  they 
work,  their  history,  forms  of  lasers,  and  the  dynamics  of  laser  light.  So  much  has  been 
written  about  laser  physics  that  the  fine  det  ails  aren’t  covered  here;  only  the  basics 
of  lasers  are  presented. 
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Einstein  as  the  spark 

Albert  Einstein  was  a  theoretical  physicist;  he  invented  few  actual  things  himself.  As 
with  many  of  the  world’s  great  thinkers,  Einstein  left  the  practical  applications  of  his 
pioneering  work  in  physics  to  other  people.  In  addition  to  creating  the  theory  of  rel¬ 
ativity — perhaps  his  best-known  work — Einstein  is  responsible  for  first  proposing 
the  idea  of  the  laser  in  about  1916. 

Einstein  knew  that  light  was  a  series  of  particles,  called  pho tons,  traveling  in  a 
continuous  wave.  These  photons  could  be  collected  (using  an  apparatus  not  yet  de¬ 
veloped)  and  focused  into  a  narrow  beam.  To  be  useful,  all  the  photons  would  be 
emitted  from  the  laser  apparatus  at  specific  intervals.  As  important,  much  of  the 
light  energy  would  be  concentrated  in  a  specific  wavelength— or  color — making  the 
light  even  more  intense  and  powerful. 

Even  in  Einstein’s  day,  photons  could  be  created  in  a  variety  of  means,  including 
the  ionization  of  gas  within  a  sealed  tube,  the  burning  of  some  organic  materials,  or 
the  heating  of  a  filament  in  a  light  bulb.  In  all  cases,  the  atoms  that  make  up  the  light 
source  change  from  their  usual  stable  or  ground  state  to  a  higher  excited  state  by 
the  introduction  of  some  form  of  energy,  typically  heat  or  electricity.  The  atom  can’t 
stay  at  the  excited  state  for  long,  and  when  it  drops  back  to  its  comfortable  ground 
state,  it  gives  off  a  photon  of  light. 

The  release  of  photons  by  natural  methods  results  in  what  is  known  as  sponta¬ 
neous  emission.  The  photons  leave  the  source  in  a  random  and  unpredictable  man¬ 
ner,  and  once  a  photon  is  emitted,  it  marks  the  end  of  the  energy  transfer  cycle.  The 
number  of  excited  atoms  is  relatively  low,  so  the  great  majority  of  photons  leave  the 
source  without  meeting  another  excited  atom. 

Einstein  was  most  interested  in  what  would  happen  if  a  photon  hit  an  atom  that 
happened  to  be  at  the  excited,  high-energy  state.  He  reasoned  that  the  atom  would 
release  a  photon  of  light  that  would  be  an  identical  twin  to  the  first.  If  enough  atoms 
could  be  excited,  the  chance  of  photons  hitting  them  would  be  increased.  That 
would  lead  to  a  chain  reaction  where  photons  would  hit  atoms  and  make  new  pho¬ 
tons,  and  the  process  would  continue  until  the  original  energy  source  was  termi¬ 
nated.  Einstein  had  a  name  for  this  phenomenon,  and  called  it  stimulated  emission 
of  radiation. 


Raising  atoms 

Raising  atoms  to  a  high-energy  state  is  often  referred  to  as  pumping.  As  already  dis¬ 
cussed,  atoms  can  be  pumped  in  a  number  of  ways,  including  charging  with  electric¬ 
ity  or  heat.  Another  form  of  pumping  is  optical,  with  a  bright  source  of  light,  such  as 
an  arc  lamp  or  xenon-filled  flash  tube. 

In  the  common  neon  light,  for  example,  the  neon  atoms  are  pumped  to  their  high- 
energy  state  by  means  of  a  high-voltage  charge  applied  to  a  pair  of  electrodes.  The  gas 
within  the  tube  ionizes,  emitting  photons.  If  the  electrical  charge  is  high  enough,  a  ma¬ 
jority  of  the  neon  atoms  will  be  pumped  to  the  high-energy  state.  A  so-called  popula¬ 
tion  inversion  occurs  when  there  are  more  high-energy  atoms  than  low-energy  ones. 
A  laser  cannot  work  unless  the  atoms  are  in  a  state  of  population  inversion. 
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Photons  scatter  all  over  the  place,  and  left  on  their  own,  they  will  simply  escape 
the  tube.  But  assume  that  a  pair  of  mirrors  are  mounted  on  either  end  of  the  tube  so 
that  some  photons  can  bounce  back  and  forth  between  the  two  mirrors. 

At  each  bounce,  the  photons  collide  with  more  atoms.  If  many  of  these  atoms  are 
in  their  excited  state,  they  too  release  photons.  Remember:  these  new  photons  are 
twins  of  the  original  and  share  many  of  its  characteristics,  including  wavelength,  po¬ 
larity,  and  phase.  The  process  of  photons  bouncing  from  one  mirror  to  the  next  and 
striking  atoms  in  their  path  each  time  constitutes  light  amplification. 

In  theory,  if  both  mirrors  are  completely  reflective,  the  photons  would  bounce 
back  and  forth  indefinitely.  In  reality,  the  tube  would  overheat  and  burn  up  because 
the  light  energy  would  not  be  able  to  escape/Rub  a  little  of  the  reflective  coating  off 
one  mirror,  however,  and  it  passes  some  light.  Now  a  beam  of  photons  can  pass 
through  the  partially  reflective  mirror  after  the  light  has  been  sufficiently  amplified. 
In  addition,  because  the  mirror  is  partly  reflective,  it  holds  back  some  of  the  light  en¬ 
ergy.  This  reserve  continues  the  chain  reaction  inside  the  tube. 

Let  there  be  laser  light 

The  combination  of  light  amplification  and  stimulated  emission  of  radiation  makes 
the  laser  functional.  As  you  probably  already  know,  the  word  laser  is  an  acronym  for 
light  amplification  of  stimulated  emission  of  radiation. 

We’ve  used  the  neon  tube  to  describe  the  activity  of  atoms  and  photons  to  make 
laser  light,  and  although  neon  gas  can  be  made  to  lase  (emit  laser  light),  it  is  not  as 
efficient  as  some  other  materials. 

Matter  comes  in  three  known  states:  solid,  liquid,  and  gas.  Lasers  can  be  made 
from  all  three  types  of  matter.  Although  everyone  assumed  the  first  laser  would  be  the 
gas  variety,  modeled  after  the  neon  sign,  the  solid  laser  was  the  first  to  be  invented. 

Theodore  Maiman,  a  research  physicist  at  Hughes  Laboratories  in  Malibu,  Cali¬ 
fornia,  announced  the  first  successful  operation  of  the  laser  on  July  7,  1960. 
Maiman ’s  contraption  was  surprisingly  simple  and  compact,  consisting  of  a  synthetic 
ruby  rod  with  mirrored  ends,  a  spiral-shaped  photographic  strobe  lamp,  and  a  high- 
voltage  power  supply  (Fig.  1-1).  The  laser  head  itself — ruby  rod  and  flash  lamp — 
measured  only  1.5  inches  long  and  could  be  held  in  one  hand. 

The  operation  of  the  ruby  laser,  still  in  use  today,  is  straightforward.  The  power 
supply  sends  a  short  pulse  of  high-energy  electricity  to  the  flash  lamp.  The  lamp 
flashes  on  quickly,  bathing  the  rod  in  white  light.  Chromium  atoms — which  give  the 
ruby  its  red  color — absorb  just  the  green  and  blue  spectrum  of  the  light.  The  ab¬ 
sorption  of  this  light  raises  the  energy  level  of  the  chromium  atoms.  Shortly  there¬ 
after,  the  chromium  atoms  fall  back  to  a  transitory  level  called  the  metastable  state. 

There  they  stay  for  a  short  period  of  time  (a  few  milliseconds),  and  then  they 
drop  back  to  the  unexcited  ground  state.  In  this  final  drop,  as  shown  in  Fig.  1-2,  pho¬ 
tons  are  emitted.  Some  of  these  photons  bounce  off  the  mirrored  ends  of  the  rod.  Af¬ 
ter  being  amplified  by  bouncing  back  and  forth  between  the  mirrors,  a  small  stream 
of  photons  are  emitted  out  one  end.  The  entire  process  lasts  less  than  a  few  hun¬ 
dredths  of  a  second.  Because  of  the  way  the  ruby  rod  is  energized,  it  is  termed  an  op¬ 
tically  pumped  laser. 
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1-1  The  main  optical  components  of  the  ruby  laser:  a  flash  tube  and  a  specially  made  syn¬ 
thetic  ruby  rod.  The  ends  of  the  rods  are  reflectively  coated  to  provide  optical  amplification. 
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1-2  Energy  levels  of  a  ruby  laser.  After  initial  pumping  by  energizing  the  flash  tube, 
the  chromium  atoms  in  the  ruby  rod  spontaneously  decay  to  a  metastable  state,  then 
decay  once  more,  and  output  a  photon. 


Development  of  other  types  of  lasers 

Other  forms  of  lasers  were  developed  after  Maiman  completed  his  trials  with  his  ruby 
device.  A  more-thorough  history  and  development  of  lasers  follows,  but  notice  that 
lasers  based  on  the  other  two  forms  of  matter — gas  and  liquid — were  invented  just 
shortly  after  Maiman’s  historical  announcement.  For  instance,  the  gas  laser,  using  a 
form  of  modified  neon  tube,  was  tested  in  1961.  The  first  successful  attempt  at  the 
semiconductor  laser  took  place  in  1962,  using  what  was  essentially  a  specially  made 
light-emitting  diode  (LED)  suspended  in  a  cold  liquid  nitrogen  bath. 

Parts  of  a  laser 

Lasers  consist  of  the  following  components: 

•  Power  supply  All  lasers  use  an  electrical  power  supply  that  delivers  a 
potential  of  up  to  10,000  volts  and  up  to  many  hundreds  of  amps. 
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•  Pumping  device  Electrical-discharge  lasers  use  the  high-voltage  power 
supply  as  the  pumping  device,  but  some  lasers  use  a  radio-frequency 
oscillator,  high-output  photoflash  or  lamp,  or  even  another  laser. 

•  Lasing  medium  The  medium  is  the  material  that  generates  the  laser  light. 
The  lasing  medium  can  be  a  gas,  solid,  or  liquid.  There  are  thousands  of 
lasing  mediums,  including  specially  treated  glass,  argon,  organic  dyes,  or 
even  Jell-O. 

•  Optical  resonant  cavity  The  cavity  encloses  the  lasing  medium  and 
consists  of  mirrors  placed  at  each  end.  On  most  lasers,  one  mirror  is 
completely  reflective  and  the  other  mirror  partially  reflective. 

Types  of  lasers 

The  three  states  of  matter — gas,  solid,  or  liquid — present  a  convenient  way  to  gener¬ 
ally  classify  lasers,  but  it  offers  no  insight  into  the  design  and  application  of  various 
laser  mediums.  Although  the  list  of  possible  lasing  mediums  is  extensive,  most  com¬ 
mercial,  scientific,  and  military  lasers  fall  into  one  of  these  categories:  crystal  and  glass, 
gas,  excimer,  chemical,  semiconductor,  and  liquid.  Let’s  take  a  closer  look  at  each  one. 

Crystal  and  glass  lasers 

As  you’ve  already  discovered,  synthetic  ruby  makes  the  basis  for  a  very  good  laser. 
Synthetic  ruby  is  made  with  aluminum  oxide  doped  with  a  small  amount  of 
chromium.  Why  synthetic  ruby  and  not  the  real  thing?  Ruby  made  in  the  laboratory  is 
far  more  pure  than  natural  ruby.  The  purity  is  necessary  or  lasing  action  cannot  occur. 

Another  common  crystal  laser  is  the  Nd:YAG  laser.  Nd:YAG  is  composed  pri¬ 
marily  of  the  elements  aluminum,  yttrium,  and  oxygen,  doped  with  a  pinch  of 
neodymium.  The  name  YAG  is  an  acronym  for  yttrium-aluminum  garnet,  a  synthetic 
garnet  sometimes  used  in  jewelry.  The  Nd:YAG  is  similar  to  the  synthetic  ruby  in  that 
the  crystal  is  the  host  for  the  neodymium  atoms.  These  atoms  are  excited  into  high- 
energy  states  using  optical  pumping  and  emit  light  in  the  infrared  region.  Nd:YAG 
lasers  can  be  operated  continuously  because  the  crystal  is  a  good  conductor  of  heat. 
Synthetic  ruby  is  a  poor  conductor  of  heat  and  will  explode  if  lased  continuously. 

The  element  neodymium  can  be  mixed  with  glass  to  make  a  neodymium-glass, 
or  Ndiglass ,  laser.  The  benefit  of  the  Nd:glass  laser  is  that  the  glass  rod  is  less  ex¬ 
pensive  than  YAG.  The  largest  drawback  of  this  type  of  laser  is  that  glass  is  a  rela¬ 
tively  poor  conductor  of  heat.  For  this  reason,  Nd:glass  lasers  are  used  in  pulsed 
mode  only. 

Gas  lasers 

Gas  lasers  represent  one  of  the  largest  groups  of  lasers.  Their  popularity  stems  from 
their  inexpensive  components  and  ease  of  manufacture  (in  comparison  to  other 
types  of  lasers;  all  lasers  are  relatively  difficult  to  manufacture).  A  number  of  gases 
and  gas  compounds  are  used,  including: 

•  Helium-neon. 

•  Helium-cadmium. 
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•  Argon. 

•  Carbon  dioxide. 

•  Krypton. 

Over  5,000  types  of  laser  activity  in  gases  are  known,  and  several  dozen  have 
been  made  into  working  lasers.  The  helium-neon  laser  (Fig.  1-3)  is  the  most  com¬ 
mon,  finding  wide  use  in  general-purpose  bar-code  scanning  systems  in  department 
stores  and  supermarkets,  as  well  as  in  holography,  surveying,  and  laboratory  experi¬ 
ments.  Most  helium-neon  lasers  emit  a  characteristic  red  beam,  although  different 
colors  (orange  and  green,  for  example)  are  possible.  The  power  output  of  He-Ne 
lasers  is  limited,  and  all  but  unusual  laboratory  models  are  air-cooled  by  convection 
(some  by  forced  air) . 


1-3  A  commercially  made  helium-neon  laser.  The  actual  laser  tube  is  encased  in  the  aluminum 
tube;  power  leads  extend  from  the  rear  of  the  laser. 


Nothing  is  exceptionally  exotic  about  the  average  He-Ne  laser,  making  it  afford¬ 
able  and  easy  to  use.  Most  of  the  projects  in  this  book  are  centered  around  the  com¬ 
mon  helium-neon  tube,  which  you  can  purchase  on  the  used  or  surplus  market  for 
$35  to  $100. 

CO2  lasers  are  among  the  most  powerful  gas  lasers.  Whether  operating  in  pulsed 
or  continuous  modes,  a  CO2  laser  can  produce  a  beam  that’s  intense  enough  to  cut 
through  almost  any  metal.  CO2  lasers  actually  contain  a  mixture  of  carbon  dioxide, 
nitrogen,  and  helium  that  is  continually  pumped  through  the  laser  tube.  To  avoid 
overheating,  CO2  lasers  are  cooled  by  running  water. 


Introduction  to  lasers 


Argon  and  krypton  lasers  are  used  for  their  ability  to  produce  two  or  more  wave¬ 
lengths  of  light,  particularly  in  the  short  blue  and  green  wavelengths.  Though  both 
types  can  produce  a  great  deal  of  optical  energy,  depending  on  the  model,  they  aren’t 
used  for  cutting  materials.  They  are  mainly  used  for  such  applications  as  semiconduc¬ 
tor  manufacturing,  medicine,  color  holography,  and  light  shows.  High-powered  argon 
and  krypton  lasers  are  water-cooled;  lower-powered  versions  are  forced-air  cooled. 

Excimer  lasers 

Excimer  lasers  are  gas  lasers  with  a  twist.  A  rare  gas  (such  as  argon,  krypton,  or 
xenon)  electrically  reacts  with  a  halogen  (chlorine,  fluorine,  iodine,  or  bromine)  to 
form  an  excimer.  Thinking  back  to  high  school  chemistry,  an  excimer  is  a  molecule 
that  exists  only  in  an  electrically  excited  state.  When  the  excimer  molecule  emits  a 
photon,  it  doesn’t  go  back  to  its  ground  state;  it  breaks  up  into  constituent  atoms. 
This  provides  the  population  inversion  necessary  for  lasing  action  to  occur. 

The  main  benefit  of  excimer  lasers  is  their  ability  to  emit  high-energy  ultraviolet 
light,  which  is  helpful  in  photochemistry  and  the  manufacture  of  transistors  and  in¬ 
tegrated  circuits.  By  comparison,  most  all  lasers  emit  their  strongest  radiation  in  the 
visible  spectrum  and  infrared  regions. 

Chemical  lasers 

Chemical  lasers  are  high-powered  beasts,  favored  by  the  military  as  weapons 
against  enemy  aircraft  or  missiles.  In  the  typical  chemical  laser,  a  flammable  mixture 
of  hydrogen  and  fluorine  (or  compounds  thereof)  acts  as  the  lasing  medium.  The 
chemicals  are  pressurized  and  are  sometimes  ignited  into  a  flame  to  initiate  the  las¬ 
ing  action.  The  typical  chemical  laser  resembles  a  jet  aircraft  engine  more  than  it 
does  a  James  Bond-type  laser.  Obviously,  chemical  lasers  are  not  for  hobbyists. 

Semiconductor  lasers 

Semiconductor  lasers  are  solid-state  devices  that — although  almost  as  old  as  ruby 
and  gas  lasers — are  just  now  catching  on.  You  are  probably  aware  of  the  semicon¬ 
ductor  (or  diode)  laser  used. in  compact  audio  and  video  discs,  such  as  the  one 
shown  in  Fig.  1-4.  Semiconductor  lasers  are  also  used  in  fiberoptic  telephone  links, 
bar-code  scanning  devices,  and  military  rangefinder  equipment. 

There  are  a  number  of  different  laser  diode  designs,  with  significant  variations 
between  each  one.  For  our  purposes,  however,  it  is  sufficient  to  say  that  the  laser 
diode  consists  of  a  pn  junction,  as  in  a  light-emitting  diode  (LED),  but  with  specially 
cleaved  and  mirrored  facets.  In  operation,  current  applied  to  the  junction  causes  a 
glow  of  light.  The  mirrors  comprise  the  optical  cavity  that  amplifies  the  light  gener¬ 
ated  within  the  diode  junction.  Laser  diodes  are  made  for  either  pulsed  or  continu¬ 
ous  duty.  Both  types  are  widely  available  in  the  surplus  electronics  market. 

The  most  recent  inductee  into  the  laser  hall  of  fame  is  the  visible-light  semi¬ 
conductor  laser.  Not  long  ago,  all  you  could  buy  were  laser  diodes  that  operated  in 
the  near-infrared  range.  With  advances  in  laser  diode  manufacture,  visible  light  laser 
diodes  are  now  plentiful,  and  reasonably  priced.  A  common  use  is  in  hand-held  laser 
pointers.  The  light  from  consumer-oriented  laser  diodes  is  in  the  red  region. 
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1-4 

A  laser  diode,  with  heatsink 
attached.  Although  not  apparent 
in  the  photograph,  the  laser  and 
heatsink  measure  less  than  %" 
across. 


Liquid  (dye)  lasers 

Liquid  lasers  use  molecular  organic  dyes  as  the  lasing  material.  The  dye  is  directed 
through  a  cavity  and  pumped  by  an  optical  source,  such  as  a  CO2  laser.  The  unique 
property  of  liquid  dye  lasers  is  that  the  output  wavelength  (see  the  following)  is  tun¬ 
able.  By  varying  the  mixture  of  the  dyes,  it’s  possible  to  change  the  color  of  the  laser 
beam  from  a  deep  blue  to  a  dark  red. 

Light  and  wavelengths 

Light  is  part  particle  and  part  wave.  The  particles  are  caned  photons  and  the  waves 
are  a  part  of  the  electromagnetic  spectrum  (Fig.  1-5).  Notice  that  visible  light  com¬ 
prises  a  relatively  small  portion  of  the  entire  spectrum. 

You  can  best  imagine  the  nature  of  light  by  thinking  of  the  photons  as  bobbing 
up  and  down  as  they  travel  forward  through  space.  Looking  at  the  path  of  light  side¬ 
ways  shows  the  photon  drawing  a  sine  wave,  which  is  a  wave  that  alternates  up  and 
down  in  a  smooth,  gradual  motion  (Fig.  1-6). 

All  sine  waves — no  matter  how  they  are  created  and  what  they  represent — 
share  similar  properties.  They  are  composed  of  crests  and  troughs  (or  valleys).  The 
distance  between  two  consecutive  crests  determines  the  wavelength  and  thus  the 
frequency  of  the  wave.  If  the  distance  between  two  crests  is  small,  the  wavelength 
is  small  and  the  frequency  is  high.  Increase  the  distance  and  the  wavelength  in¬ 
creases  in  proportion  and  the  frequency  drops.  Frequency  is  most  often  expressed 
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Time 


1-6  A  sinusoidal  wave,  showing  one  wavelength  from  crest  to  crest. 


in  hertz ,  or  cycles  per  second.  That  is,  frequency  is  the  number  of  times  the  wave 
bobs  up  and  down  in  one  second. 

Light  travels  at  a  velocity  of  300,000  km  per  second  (186,000  miles  per  hour). 
The  different  colors  of  visible  light  have  different  wavelengths  and  thus  frequencies. 
The  frequencies  are  in  the  terahertz  range  (thousand  billions  of  cycles  per  seconds), 
as  shown  in  Fig.  1-7.  For  convenience,  light  is  usually  expressed  in  wavelength, 
specifically  nanometers  (sometimes  Angstroms).  One  nanometer  is  one  billionth  of 
a  meter.  Table  1-1  lists  the  different  colors  of  the  visible  spectrum  and  their  respec¬ 
tive  wavelengths.  Table  1-2  compares  the  units  of  measurement  common  in  the  dis¬ 
cussion  of  light  and  lasers. 


10'6  10' 


9  2  a  6  : 

0‘z  1  10  104  10  10 


Wavelength  v 


10'8 

10'6 

10 '4 

10'2 

1 

102 

104 

106 

►— * 
o 

00 

1010 

Micrometers 

10' 12 

io-10 

10'8 

io-6 

io-4 

io*2 

1 

io2 

104 

106 

Centimeters 

Electromagnetic 

band 


gamma 


x-rays 


uv 


io24 


1022 

“I 


1CJ20  1018  1016 


10 


Frequency  < 


10 


io20  1018  106 


010  1012  101 4  Angstroms 


visible  light 


infrared 


microwave 


radio 


io14  io12  i10  io8 


~i — i — r 

io6  lO4 


io8  10 

io4  10 

nr  r 

100  1 


“T" 

4 

10 


100 
1  GHz 


~r~] 

102  THz 


106  104  Hz 

"1 - 


l  10 


MHz 


1-7  Comparing  wavelength,  frequency,  and  electromagnetic  spectrum  regions.  Wave¬ 
lengths  are  shown  in  three  common  units  of  measurement:  Angstroms,  micrometers,  and 
centimeters.  A  common  unit  of  measurement  for  light  wavelengths  is  the  nanometer.  To 
find  the  equivalent  in  nanometers,  divide  the  number  in  Aigstroms  by  10. 
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Table  1-1.  Color  wavelengths 


Color  Wavelength 

Red  0.000066  cm;  660  ran 

Orange  0.000061  cm;  610  nm 

Yellow  0.000058  cm;  580  nm 

Green  0.000054  cm;  540  nm 

Blue  0.000046  cm;  460  nm 

Violet  0.000042  cm;  420  nm 

Infrared  Ultraviolet 


Red 

Yellow 

Green 

Blue 

Violet 

Nanometers 

1200 

700 

600 

550 

500 

400 

200 

Millimeters 

0.0012 

0.00070 

0.00060 

0.00055 

0.00050 

0.00040 

0.00020 

Table  1-2.  Metric  prefixes 


Prefix 

Abbreviation 

Power  of  Ten 

Value 

tera 

T 

1012 

thousand  billion 

giga 

G 

109 

billion 

mega 

M 

106 

million 

kilo 

k 

103 

thousand 

deci 

d 

10-1 

tenths 

centi 

c 

10-2 

hundredths 

milli 

m 

10-3 

thousandths 

micro 

u 

10-6 

millionths 

nano 

n 

10-9 

billionths 

pico 

P 

10-12 

thousand  billionths 

1  micrometer 

1/1,000,000  meter;  10-6  m 
1000  nm 
10,000  A  units 

1  nanometer 

1/1,000,000,000  meter;  10-9  m 
1/1000  ja 
10  A  units 

1  Angstrom  unit 

1/10,000,000,000  meter;  1010  m 
1/10,000  jlx 
1/10  nm 
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Laser  wavelengths 

One  of  the  unique  properties  of  lasers  is  their  ability  to  emit  light  at  a  specific  color, 
or  wavelength.  This  is  in  contrast  to  the  sun  or  an  incandescent  lamp,  which  both 
emit  all  the  colors  of  the  rainbow  The  output  wavelength  is  determined  by  the  las¬ 
ing  medium.  For  example,  the  chromium  atoms  in  synthetic  ruby  give  off  light  at 
694.3  nanometers  (or  nm),  thereby  making  the  wavelength  of  a  ruby  laser  694.3  nm. 

The  laser  might  emit  light  at  just  one  specific  wavelength  or  many  distinct  wave¬ 
lengths.  Light  emission  at  any  particular  wavelength  is  called  a  line;  if  the  laser  emits 
light  at  many  wavelengths,  each  individual  wavelength  is  a  mainline.  The  terms  line 
and  mainline  are  derived  from  the  study  of  optical  spectra,  where  white  light 
passed  through  a  prism  is  broken  down  into  discrete  lines  or  segments.  Table  1-3 
shows  the  chief  wavelengths  emitted  by  several  common  types  of  lasers. 


Table  1-3.  Wavelengths  of  popular  laser  types 


Laser 

Argon 

Carbon  dioxide 
Excimer 

Helium-cadmium 

Helium-neon 

Nitrogen 

Krypton 

Nd:YAG 

Ruby 

Semiconductor 


Mainline 

488.0,  514.5  nm 
10,600  nm 
300-1,000  nm 
193-351  nm 
632.8  nm 
337  nm 
647  nm 
1,064 
694.3  nm 

650,  780,  840,  904  (typ) 


Comments 

Multiline:  351-528  nm 

Tunable 

Other  lines  at  543,  594,  652, 1,152,  and  3391  nm 
Multiline:  380-800  nm 

Range  from  less  than  600  to  over  1,600  nm 


Most  helium-neon  lasers  emit  light  at  one  specific  wavelength,  namely  632.8  nm 
(632.8  billionths  of  a  meter,  equivalent  to  632.8  Angstroms) .  Argon  lasers  generate  two 
distinct  mainlines,  one  at  488  nm  and  the  other  at  514  nm.  Krypton  lasers,  popular  in 
professional  light-show  systems,  produce  a  mainline  at  647  nm,  but  also  produces 
weaker  wavelengths  all  through  the  visible  spectrum.  Laser  diodes  typically  operate  in 
either  780  nm  (near  infrared),  670  nm  (dark  red),  and  635  nm  (medium  red). 

Notice  that  mainlines  are  those  wavelengths  that  greatly  contribute  to  the  in¬ 
tensity  of  the  beam.  Many  lasers  emit  a  whole  slew  of  wavelengths,  but  might  be 
listed  as  having  only  one  or  two  lines.  These  sub-lines  are  generally  too  weak  to  be 
useful,  so  they  are  usually  ignored.  In  many  laser  systems,  light  at  wavelengths  other 
than  at  the  desired  lines  are  filtered  out. 

When  using  a  multiple-line  laser  (such  as  argon  or  krypton) ,  the  individual  col¬ 
ors  can  be  separated  by  the  use  of  prisms,  filters,  or  diffraction  gratings.  These  and 
other  optical  components  are  covered  in  more  detail  in  Chapter  3. 
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Power  output 

The  intensity  of  the  laser  beam  is  measured  in  joules  or  watts.  Both  represent  the 
amount  of  “work”  that  can  be  done  during  a  particular  period  of  time.  In  this  case, 
the  term  work  is  used  to  denote  the  amount  of  energy  or  power  released  in  some 
useful  form,  including  heat.  Electronic  textbooks  define  one  watt  as  the  unit  of  elec¬ 
trical  power  equal  to  one  volt  multiplied  by  one  ampere.  The  formula  for  computing 
watts  is: 


P  =  EI 


where  P  equals  power  in  watts,  E  equals  EMF  in  volts,  and  I  equals  current  in 
amps.  One  horsepower  is  also  equal  to  746  watts,  an  archaic  but  still-used  measure¬ 
ment  for  determining  the  rate  or  amount  of  work  performed  by  some  device  (usually 
a  motor). 

Watts,  like  horsepower,  does  not  take  time  into  consideration;  joules  does.  One 
joule  is  equal  to  one  ampere  passed  through  a  resistance  of  one  ohm  for  one  second 
(the  joule  is  also  a  measurement  of  physical  force).  When  wattage  is  measured 
against  some  factor  of  time,  it  is  so  indicated. 

Rather  than  settle  on  one  standard  or  another,  laser  manufacturers  use  a  com¬ 
posite  of  watts  and  joules,  although  they  mean  different  things.  Generally,  low- 
power,  continuous-duty  lasers  are  measured  in  watts;  high-power,  pulsed-duty 
lasers  are  measured  in  joules.  And  as  a  rule  of  thumb,  radiant  energy  is  expressed  in 
joules  and  radiant  power  is  expressed  in  watts. 

Although  laser  light  is  most  often  defined  as  a  pinpoint  source,  natural  divergence 
and  optics  can  cause  the  beam  to  spread.  The  area  of  the  measured  power  output  of  a 
laser,  in  watts  or  joules,  is  often  included  in  the  specifications.  A  typical  specification 
might  be  5.0  joules  cm2,  which  means  5.0  joules  in  one  square  centimeter. 

Most  laser  diodes  and  helium-neon  lasers  are  rated  in  milliwatts,  or  thousandths 
of  a  watt.  The  typical  helium-neon  laser  has  a  power  output  of  about  two  milliwatts, 
or  two  1/1000  of  a  watt.  High-powered  gas  argon  and  krypton  lasers  generate  several 
watts  of  optical  power.  Such  multiwatt  lasers  are  most  often  used  in  research,  man¬ 
ufacturing,  and  light  shows. 

The  power  output  of  a  laser  depends  on  many  factors,  one  of  which  is  the  effi¬ 
ciency  of  the  conversion  of  optical  or  electrical  power  into  photon  power.  Most  lasers 
are  extremely  inefficient — about  one  or  two  percent  of  the  incoming  energy  is  con¬ 
verted  to  usable  light  energy.  But  even  with  poor  efficiency,  the  beam  from  a  laser  is 
far  more  intense  (per  given  area)  than  sunlight. 

By  comparison,  a  standard  incandescent  light  bulb  is  roughly  2  to  3  percent  ef¬ 
ficient,  yet  its  light  intensity  is  only  a  fraction  of  that  of  a  low-power  laser.  Even  a  flu¬ 
orescent  lamp,  with  an  efficiency  of  10  to  15  percent,  is  not  nearly  as  potent,  as  a 
laser.  C02  lasers  are  among  the  most  efficient  of  the  bunch,  which  is  one  reason  why 
they  emit  such  a  powerful  beam.  Typical  efficiency  of  a  well-built  C02  laser  is  about 
30  to  35  percent. 


14  Chapter  1 


Components  of  the  laser 

A  number  of  components  go  into  making  a  laser.  Because  low-power  gas  and  semi¬ 
conductor  lasers  are  the  thrust  of  this  book,  we’ll  concentrate  just  on  those.  The  typ¬ 
ical  helium-neon  laser  consists  of  a  tube,  high-voltage  power  supply,  and  power 
source,  as  shown  in  the  block  diagram  in  Fig.  1-8.  Most  He-Ne  tubes  are  self-con¬ 
tained  and  include  the  facing  mirrors,  but  some  special  tubes  use  separate  mirrors. 
The  mirrors  are  mounted  on  a  precision  optical  bench  and  adjusted  so  that  the  laser 
beam  properly  exits  the  tube. 


1-8  The  major  components  of  a  gas  laser:  tube,  high-voltage 
power  supply,  and  power  source. 


The  high-voltage  power  supply  converts  the  juice  from  the  power  source  (usu¬ 
ally  either  12  volts  dc  or  117  volts  ac)  to  between  1200  and  3000  volts.  The  high  volt¬ 
age  is  necessary  to  ionize  the  gas  within  the  tube.  The  current  output  of  the  power 
supply  is  low — roughly  3  to  7  milliamps.  You  can  calculate  the  approximate  effi¬ 
ciency  of  the  laser  by  multiplying  the  voltage  (for  example,  2000  volts)  by  the  cur¬ 
rent  (such  as  five  milliamps).  The  result  is  10  watts  of  electrical  power  consumed  by 
the  tube.  If  the  laser  generates  two  milliwatts  of  light  energy,  the  efficiency  is  only 
two  percent  (10  watts  in  times  0.002  watts  out). 

Semiconductor  lasers  consist  of  the  laser  chip  or  element,  a  power  source,  and 
possibly  a  drive  circuit.  Because  the  pn  junction  of  the  laser  is  so  small,  the  chip  is 
attached  to  a  heatsink  to  dissipate  unwanted  heat.  The  chip  and  heatsink  are  en¬ 
cased  in  a  metal  canister  and  protected  against  dust  and  debris  by  a  clear  plastic  or 
glass  window.  The  power  source  is  low-voltage  dc.  The  exact  voltage  requirements 
depend  on  the  type  of  diode  used. 


/ 
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The  properties  of  laser  light 

The  light  from  a  laser  is  special  in  many  respects. 

•  Laser  light  is  monochromatic  That  is,  the  light  coming  from  the  output 
mirror  consists  of  one  wavelength,  or  in  some  instances,  two  or  more  specific 
wavelengths.  The  individual  wavelengths  can  be  separated  using  various 
optical  components. 

•  Laser  light  is  spatially  coherent  The  term  spatial  coherence  means  that 
all  the  waves  coming  from  the  laser  are  in  tandem.  That  is,  the  crests  and  the 
troughs  of  the  waves  that  make  up  the  beam  are  in  lock-step. 

•  Laser  light  is  temporally  coherent  Temporal  coherency  is  when  the 
waves  from  the  laser  (which  can  be  considered  as  one  large  wave,  thanks  to 
spatial  coherency)  are  emitted  in  even,  accurately  spaced  intervals. 

Temporal  coherence  is  similar  to  the  precise  clicks  of  a  metronome  that 
times  out  the  beat  of  the  music. 

•  Laser  light  is  collimated  Because  of  monochromaticity  and  coherence, 
laser  light  does  not  spread  (diverge)  as  much  as  ordinary  light.  The  design  of 
the  laser  itself,  or  simple  optics,  can  collimate  (make  parallel)  the  laser  light 
into  a  parallel  beam. 

The  four  main  properties  of  laser  light  combine  to  produce  a  shaft  of  illumination 
that  is  many  times  more  brilliant  than  the  light  of  equal  area  from  the  sun.  Because  of 
their  coherency,  monochromaticity,  and  low  beam  divergence,  lasers  are  ideally  suited 
for  a  number  of  important  applications.  For  example,  the  monochromatic  and  coher¬ 
ent  light  from  a  laser  is  necessary  to  form  the  intricate  swirling  patterns  of  a  hologram. 
Without  the  laser,  optical  holograms  would  be  much  more  difficult  to  produce. 

Coherence  plays  a  leading  role  in  the  minimum  size  of  a  focused  spot.  With  the 
right  optics,  it’s  possible  to  focus  a  laser  beam  to  an  area  equal  to  the  wavelength  of 
the  light.  With  the  typical  infrared-emitting  laser  diode,  for  instance,  the  beam  can 
be  focused  to  a  tiny  spot  measuring  just  0.8  micrometers  wide.  Such  intricate  focus¬ 
ing  is  the  backbone  of  compact  audio  discs  and  laser  discs. 

Minimum  divergence  (owing  to  the  coherent  nature  of  laser  light)  means  that  the 
beam  can  travel  a  longer  distance  before  spreading  out.  The  average  helium-neon 
laser,  without  optics,  can  form  a  beam  spot  measuring  only  a  few  inches  in  diameter 
from  a  distance  several  hundred  feet  away.  With  additional  optics,  beam  divergence 
can  be  reduced,  making  it  possible  to  transmit  sound,  pictures,  and  computer  code 
many  miles  on  a  shaft  of  light.  A  receiving  station  in  the  path  intercepts  the  signal. 

One  experiment  with  the  low  divergence  of  laser  light  was  performed  during  the 
historic  Apollo  11  moon  landings.  A  1-mm  beam  from  a  ruby  laser  was  bounced  to 
the  moon  and  back,  reflected  by  a  matrix  of  highly  polished  mirrors.  Although  the 
moon  is  about  235,000  miles  away,  the  laser  beam  spread  to  an  area  of  only  1.5  miles 
when  it  reached  the  lunar  surface. 

The  birth  of  the  laser 

The  concept  of  the  laser  is  said  to  have  occurred  in  1951,  brainst  ormed  by  Charles 
H.  Townes,  a  physicist  at  Bell  Labs  (later  a  professor  at  Columbia  University). 
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Townes’  first  idea  was  to  amplify  stimulated  emissions  of  microwave  radiation.  Using 
ammonia  as  the  lasing  medium,  this  device  would  emit  radiation  in  the  microwave 
region,  below  visible  light  and  infrared.  Three  years  later,  along  with  graduate  stu¬ 
dent  James  P.  Gordon  and  Herbert  Zeiger,  Townes  built  and  tested  the  first  forerun¬ 
ner  of  the  laser.  They  dubbed  the  device  the  maser ,  an  acronym  for  microwave 
amplification  of  stimulated  emission  of  radiation. 

In  1957,  Townes  sketched  out  an  idea  for  the  “optical  maser,”  a  device  similar  to 
his  earlier  invention  but  one  that  would  emit  radiation  in  the  visible  or  at  least  near- 
infrared  region  of  the  electromagnetic  spectrum.  Townes  joined  forces  with  a  re¬ 
searcher  at  AT&T,  Arthur  Schawlow,  and  began  work  on  an  optical  maser  using  a 
large  tube  filled  with  gas  (as  an  interesting  aside,  Schawlow  is  Townes’  brother-in- 
law).  By  the  time  Townes  and  Schawlow  were  working  on  the  optical  maser  in  the 
late  1950s,  researchers  the  world  over  were  quickly  drawing  up  plans  of  their  own. 

As  mentioned  previously,  Hughes  research  scientist  Theodore  Maiman  beat 
Schawlow  and  Townes  to  the  punch  with  his  crystalline  ruby  laser  in  1960.  The  gas 
discharge  laser ,  developed  in  1961  by  Ali  Javan,  William  R.  Bennett,  and  Dr.  R.  Her- 
riott  of  Bell  Labs,  marked  a  major  discovery,  because  unlike  the  ruby  laser,  it  could 
be  powered  continuously  instead  of  in  short  pulses. 

The  Bell  Labs  researchers  used  as  the  lasing  mixture  a  combination  of  helium 
and  neon  gases.  The  gas  was  pumped  into  a  long  tube  at  relatively  low  pressure  and 
mirrors  were  mounted  on  either  end.  When  powered  by  a  charge  of  high-frequency 
radio  waves,  the  gas  within  the  tube  ionized,  and  photons  began  striking  against  the 
mirrors.  Some  photons  escaped,  and  out  one  end  of  the  tube  came  an  invisible  beam 
of  infrared  radiation.  Later  refinements  to  the  helium-neon  laser  allowed  it  to  emit 
visible  light. 

In  1962,  a  trio  of  groups  including  researchers  at  MIT,  IBM,  and  GE  developed 
the  first  semiconductor  lasers.  Shortly  thereafter,  groups  at  GT&E,  Texas  Instru¬ 
ments,  and  Bell  Labs  announced  similar  work.  The  small  size  and  high  energy  output 
of  the  semiconductor  laser  required  that  it  be  cooled  in  liquid  nitrogen — at  -196° 
Celsius!  Interesting  things  were  done  with  the  semiconductor  laser,  including  trans¬ 
mitting  a  television  picture  along  the  beam  of  light  and  changing  the  characteristics 
of  the  diode  so  that  the  laser  emitted  a  deep  red  glow  instead  of  the  characteristic  in¬ 
visible  infrared  radiation. 


Will  the  real  father 

of  the  laser  please  stand  up? 

Theodore  Maiman,  the  scientists  at  Bell  Labs,  and  others  who  built  the  first  lasers 
are  among  those  people  credited  with  the  introduction  of  the  laser.  But  who  is  the 
actual  inventor  of  the  laser — the  first  person  to  have  thought  of  it  and  worked  out  its 
principles — has  been  a  debatable  question  since  the  late  1950s. 

In  the  summer  of  1958,  Schawlow  and  Townes  drew  up  a  patent  application  for 
the  optical  maser  (the  term  laser  didn’t  come  until  later).  Their  patent  was  granted, 
and  Townes,  as  well  as  two  Russian  scientists,  Nikolai  G.  Basov  and  Aleksander  M. 
Prokhorov,  received  the  Nobel  Prize  in  1964  for  their  work  in  developing  the  laser. 
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A  graduate  student  at  Townes’  university  by  the  name  of  Gordon  Gould  later 
claimed  that  he  developed  the  basic  principles  of  the  laser  earlier  in  November  of 
1957,  more  than  half  a  year  before  the  Townes/Schawlow  patent  application.  Al¬ 
though  Gould  was  not  a  graduate  student  of  Townes,  they  knew  each  other  and  of¬ 
ten  spoke  to  one  another. 

Gould  kept  his  ideas  in  a  notebook,  which  he  later  had  notarized  (the  first  page 
of  this  notebook  is  now  at  the  Smithsonian  Institution).  Gould  claimed  he  contem¬ 
plated  applying  for  a  patent  on  his  laser  ideas,  but  an  attorney  gave  him  the  mistaken 
impression  that  he  needed  a  working  model  in  order  to  be  granted  a  patent.  Appar¬ 
ently,  before  Gould  could  obtain  more  competent  advice,  Schawlow  and  Townes  beat 
him  to  the  punch  and  filed  their  application  first. 

Most  textbooks  on  lasers,  particularly  those  written  before  1980,  often  credit 
Schawlow  and  Townes  as  the  sole  inventors  of  the  laser.  But  today,  it  is  Gordon 
Gould  who  owns  the  basic  patents  on  the  laser  and  enjoys  a  healthy  sum  from  royal¬ 
ties  paid  by  laser  manufacturers. 

This  chapter  has  merely  touched  on  the  fundamentals  and  history  of  lasers.  A 
more  thorough  chapter  on  laser  principles  would  have  diluted  the  main  purpose  of 
this  book — namely,  to  present  a  number  of  affordable  and  fun  projects  you  can  do 
with  a  gas  or  semiconductor  laser.  If  you  are  serious  about  lasers  and  want  to  learn 
more,  see  Appendix  B  for  a  list  of  suggested  further  reading.  A  number  of  the  books 
provide  a  technical,  even  scholarly,  discourse  on  laser  principles. 
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CHAPTER 

Working  with  lasers 


For  the  uninitiated,  the  thought  of  working  with  lasers  means  wearing  dark-tinted 
goggles  and  heavy  lead-lined  gloves  while  sitting  in  a  concrete,  air-conditioned  bun¬ 
galow.  Behind  a  six-inch  glass  partition  are  several  lab  assistants,  complete  with 
white  coats,  clipboards,  and  solemn  faces.  Giant  computers  and  monitoring  equip¬ 
ment  adorn  the  laser  laboratory,  soaking  up  enough  electricity  to  light  up  Las  Vegas. 
Is  that  a  strain  of  Hollywood  B-movie  music  in  the  background?  Any  moment  now,  a 
mad  scientist  will  come  out  and  begin  the  final  phase  of  his  quest  for  world  power. 

The  movies  have  done  a  considerable  job  selling  a  false  and  overly  dramatic  view 
of  lasers  (witness  the  James  Bond  classic  “Goldfinger”).  On  the  contrary,  the  kinds 
of  lasers  available  to  the  electronics  hobbyist  are  so  low  in  power  that  protective 
measures  are  practically  unnecessary.  The  light  radiation  emitted  by  a  helium-neon 
laser  isn’t  even  strong  enough  to  be  felt  on  skin. 

Of  course,  precautions  must  still  be  taken,  but  for  the  most  part,  experimenting 
with  lasers  can  be  done  in  the  comfort  of  the  family  living  room,  under  normal  tem¬ 
peratures,  and  with  no  more  electrical  power  than  the  current  from  a  set  of  flashlight 
batteries. 

This  doesn’t  mean  hobby  lasers  are  completely  harmless.  As  with  all  electrical 
devices,  some  dangers  exist,  and  it’s  vitally  important  that  you  understand  these 
dangers  and  know  how  to  avoid  them.  In  this  chapter,  you’ll  learn  about  what  you 
need  to  know  to  competently  work  with  lasers,  the  basics  of  laser  safety,  and  how  to 
protect  yourself  and  others  from  accidental  injury. 

Basic  skills 

What  skills  do  you  need  as  a  laser  experimenter?  Certainly,  if  you  are  already  well- 
versed  in  electronics  and  mechanical  design,  you  are  on  your  way  to  becoming  a 
laser  experimenter  extraordinaire.  But  an  intimate  knowledge  of  neither  electron¬ 
ics  nor  mechanical  design  is  absolutely  necessary. 
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All  you  really  need  to  start  yourself  in  the  right  direction  as  a  laser  experimenter 
is  a  basic  familiarity  with  electronic  theory  and  mechanics.  The  rest  you  can  learn  as 
you  go.  If  you  feel  that  you  are  lacking  in  either  beginning  electronics  or  mechanics, 
pick  up  a  book  or  two  on  these  subjects  at  the  bookstore  or  library.  See  Appendix  B 
for  a  selected  list  of  suggested  further  reading. 

Electronics  background 

Study  analog  and  digital  electronic  theory,  and  learn  the  function  of  resistors,  ca¬ 
pacitors,  transistors,  and  other  common  electronic  components.  Your  mastery  of  the 
subject  does  not  need  to  be  extensive,  but  just  enough  so  that  you  can  build  and 
troubleshoot  electronic  circuits  for  your  laser  systems.  You’ll  start  out  with  simple 
circuits  and  a  minimum  of  parts  and  go  from  there.  As  your  skills  increase,  you’ll  be 
able  to  design  your  own  circuits  from  scratch,  or  at  the  very  least,  customize  exist¬ 
ing  circuits  to  match  your  needs. 

Schematic  diagrams  are  a  kind  of  recipe  for  electronic  circuits.  The  designs  in 
this  book,  as  well  as  most  any  book  that  deals  with  electronics,  are  in  schematic 
form.  If  you  don’t  know  already,  you  owe  it  to  yourself  to  learn  how  to  read  a 
schematic  diagram.  There  are  really  only  a  dozen  or  so  common  schematic  symbols, 
and  memorizing  them  takes  just  one  evening  of  concentrated  study.  A  number  of 
books  have  been  written  on  how  to  read  schematic  diagrams  (see  Appendix  B). 

Sophisticated  laser  systems  use  computers  for  process  control.  If  you  wish  to  ex¬ 
periment  with  these  control  circuits,  you  need  to  have  at  least  some  awareness  of 
how  computers  operate.  Although  an  in-depth  knowledge  of  computers  and  pro¬ 
gramming  is  not  required,  you  should  have  rudimentary  knowledge  of  computers 
and  the  way  computers  manipulate  data. 

Mechanical  background 

The  majority  of  us  are  far  more  comfortable  with  the  mechanical  side  of  hobby  laser 
building  than  the  electronic  side.  It’s  far  easier  to  see  how  a  motor  and  lever  work 
than  to  see  how  a  laser  tachometer  operates.  Whether  or  not  you  are  comfortable 
with  mechanical  design,  you  do  not  need  to  possess  a  worldly  knowledge  of  me¬ 
chanical  theory.  Still,  you  should  be  comfortable  with  mechanical  and  electro¬ 
mechanical  components,  such  as  motors  and  solenoids. 

The  workshop  aptitude 

To  be  a  successful  laser  hobbyist,  you  must  be  comfortable  with  working  with  your 
hands  and  thinking  problems  through  from  start  to  finish.  You  should  know  how  to 
use  common  shop  tools  and  have  some  basic  familiarity  in  working  with  wood,  light¬ 
weight  metals,  and  plastic. 

Laser  safety 

Lasers  that  are  sold  and  used  commercially  are  subject  to  compliance  with  a  strict 
set  of  laws  enforced  by  the  Center  for  Devices  and  Radiological  Health  (CDRH,  for¬ 
merly  the  Bureau  of  Radiological  Health,  or  BRH).  The  CDRH,  a  department  of  the 
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Food  and  Drug  Administration,  serves  a  similar  purpose  as  the  Federal  Communica¬ 
tions  Commission:  to  ensure  that  products  comply  with  recognized  standards  and 
that  the  dangers  of  laser  radiation  are  kept  to  a  minimum. 

For  regulatory  purposes,  the  CDRH  has  divided  lasers  into  six  groups,  or  classes. 
The  classification  of  lasers  depends  on  their  power  output  (in  joules  or  watts),  their 
emission  duration,  and  their  wavelength.  The  classification  is  then  affixed  as  a 
sticker  to  the  laser,  such  as  the  one  shown  in  Fig.  2-1. 

•  Class  I  applies  to  devices  that  have  emissions  in  the  ultraviolet,  visible,  and 
infrared  regions  of  the  electromagnetic  spectrum,  below  which  biological 
hazards  have  not  been  established  (in  other  words,  generally  “harmless”).  A 
helium-neon  laser  (at  632.8  nm),  operating  at  less  than  a  few  microwatts, 
would  be  considered  a  Class  I  device. 

•  Class  Ila  applies  to  products  whose  light  output  does  not  exceed  Class  I 
limits  for  emission  duration  of  1000  seconds  or  less,  but  are  not  intended  for 
direct  viewing.  One  example  of  a  Class  Ila  device  is  a  hand-held  bar-code 
scanner.  Emission  of  Class  Ila  lasers  is  confined  to  wavelengths  between  400 
and  710  nm  (visible  spectrum). 


2-1  This  Class  III  helium-neon  laser  sticker  is  placed  near  the  output  of  the  laser  and  warns  of 
possible  danger  to  direct  exposure  to  beam.  The  warning  sticker  is  required  of  all  commer¬ 
cially  manufactured  lasers,  regardless  of  their  power  output. 
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•  Class  II  devices  are  identical  to  Class  I  lasers,  except  that  the  permissible 
wavelengths  are  confined  to  visible  light  between  400  and  710  run  and  the 
beam  may  not  be  on  or  motionless  for  a  period  greater  than  %  second.  Power 
output  may  be  as  high  as  1  mW. 

•  Class  Ilia  lasers  comprise  a  large  group  of  visible-light  devices  (400  run  to 
710  run)  with  power  outputs  less  than  5  milliwatts.  Class  IIIA  lasers  consist 
of  most  helium-neon  lasers  (the  old  BRH  standards  classified  these  He-Ne’s 
as  Class  Illb). 

•  Class  Illb  applies  to  devices  that  emit  ultraviolet,  visible,  and  infrared 
spectra.  Class  Illb  lasers  can  have  power  outputs  ranging  from  5  to  500 
milliwatts  in  the  visible  spectrum;  less  if  the  beam  is  invisible.  A  low-output 
argon  laser  (100  mW,  for  example)  used  in  small  light  shows  would  be 
considered  a  Class  Illb  product. 

•  Class  IV  represents  the  “laser  brutes.”  These  devices  exceed  the  limits  of  the 
other  classes.  The  CDRH  classifies  a  laser  as  a  Class  IV  device  if  it  produces 
light  radiation  (visible  or  invisible)  that  is  dangerous  to  eyes  and  flesh,  whether 
or  not  the  beam  is  direct,  reflected,  or  diffused.  CO2,  ruby,  Nd:glass,  and  multi¬ 
watt  gas  lasers  (such  as  3-  to  5-watt  argons)  fall  into  the  Class  IV  umbrella. 

Much  of  the  laser  components  available  on  the  surplus  market  do  not  comply 
with  CDRH  standards,  although  a  few  do.  If  they  are  in  compliance,  you  will  see  a 
sticker,  such  as  the  one  in  the  figure,  affixed  somewhere  on  the  device.  Notice  that 
individual  components  might  not  in  themselves  comply  with  the  CDRH  regulations, 
even  though  the  device  from  which  they  were  taken  meets  the  standards. 

Most  of  the  CDRH  regulations  pertain  to  such  simple  functions  as: 

•  Placing  the  proper  sticker(s)  on  the  device. 

•  Covering  the  power  supply  during  operation. 

•  Providing  a  power  supply  interlock  that  shuts  the  supply  off  if  the  case  is 
opened. 

•  Inserting  a  key  switch  in  the  power  supply  mains  to  prevent  unauthorized  use. 

•  Adding  a  cover  or  slide  to  the  output  mirror  to  prevent  accidental  exposure 
to  the  beam  when  the  laser  is  operating. 

•  Providing  adequate  instructions  for  the  user.  In  all  cases,  user  information 
and  basic  service  information  are  required. 

Several  of  the  projects  in  this  book  show  you  how  to  meet  these  compliance 
standards.  As  an  experimenter  working  alone,  however,  the  CDRH  regulations  do 
not  strictly  apply  to  you.  As  long  as  there  is  no  danger  of  exposing  others  to  harmful 
radiation  or  high  voltages,  you  may  do  as  you  wish.  It’s  up  to  you  to  decide  if  you 
want  to  add  the  safety  features  to  your  own,  personal  laser  projects. 

If  you  plan  on  developing  laser  systems  for  use  by  others  or  for  use  in  public 
places  (such  as  laser  light  shows),  you  need  to  be  sure  that  you  comply  with  all  the 
pertinent  regulations.  Otherwise,  you  might  be  subject  to  fines.  There  is  not  enough 
room  in  this  book  to  reprint  the  full  text  of  regulations,  but  you  can  obtain  a  copy  of 
the  CDRH  laser  requirements  (Part  1040  of  Food  and  Drug  Administration  regula¬ 
tions)  by  writing  to  the  bureau  (there  might  be  a  publication  or  distribution 
charge — check  first).  Their  address  is  provided  in  Appendix  A.  Be  sure  to  state  the 
section  and  topic  of  your  inquiry.  If  you  plan  to  produce  a  light  show,  you  must  file  a 
variance  and  indicate  the  type  of  equipment  and  safeguards  that  you  plan  to  use. 
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Laser  light  radiation 

Lasers  emit  electromagnetic  radiation,  usually  either  visible  light  or  infrared.  The 
level  of  “radiation”  is  generally  quite  small  in  hobby  lasers  and  has  about  the  same  ef¬ 
fect  on  external  bodily  tissues  as  sunning  yourself  with  the  living  room  lamp. 

Skin  is  fairly  resilient,  even  to  exposure  to  several  watts  of  laser  energy.  But  the 
eye  is  much  more  susceptible  to  damage,  and  the  effects  of  laser  light  on  the  retina 
is  the  greatest  concern.  Even  as  little  as  20  to  50  milliwatts  of  focused  visible  or  in¬ 
frared  radiation  can  cause  temporary  and  perhaps  permanent  blindness. 

The  longer  the  exposure  to  the  radiation  and  the  more  focused  the  beam,  the 
greater  the  chance  that  the  laser  will  cause  a  lesion  on  the  surface  of  the  retina.  Reti¬ 
nal  lesions  can  heal,  but  many  leave  blind  spots.  In  the  worst  case,  with  a  laser  that 
puts  out  a  minimum  of  100  to  200  milliwatts  (such  as  an  argon  laser  used  in  light 
shows),  a  constant  exposure  of  a  few  seconds  or  more  on  the  optic  nerve  of  the 
retina  can  cause  total  blindness. 

Retinal  damage  when  using  hobby  lasers — those  with  outputs  of  less  than  5  or 
10  milliwatts — is  rare.  In  fact,  there  have  been  only  a  handful  of  reported  accidents 
involving  lasers  in  the  several  decades  since  they  became  available,  and  many  of 
these  have  involved  electrocution  by  the  high-voltage  power  supply,  not  exposure  to 
the  laser  beam. 

One  reason  laser  radiation  accidents  are  rare  is  the  same  reason  that  as¬ 
tronomers  don’t  go  blind  looking  through  their  telescopes.  They  know  it’s  foolish  to 
stare  at  the  sun  through  even  a  low-power  telescope,  but  if  they  did,  the  pain  in  their 
eyes  would  signal  a  potentially  dangerous  situation  to  the  brain,  and  the  eyelids 
would  instinctively  clamp  shut. 

Obviously,  solar  study  through  telescopes  or  staring  down  the  shaft  of  a  laser 
beam  are  not  hobbies  you  would  normally  indulge  in,  but  a  potential  danger  still  lies 
in  accidental  exposure.  The  effects  of  exposure  of  bright  lights  on  the  eyes  are  cu¬ 
mulative.  Making  a  habit  of  carelessly  shining  a  laser  into  your  eyes  only  increases 
the  chance  of  eye  problems  later  on  in  life. 


The  dangers  of  focused  laser  light 

Laser  light  is  the  most  dangerous  to  the  eyes  when  it  is  focused  into  a  sharp  point. 
The  beam  of  the  typical  helium-neon  laser,  as  it  exits  the  tube,  is  about  0.8  millime¬ 
ter  in  diameter.  A  simple  lens  system  can  focus  the  beam  to  a  much  smaller  diame¬ 
ter  of  about  10  micrometers  (10  millionths  of  a  meter).  This  is  equivalent  to  one 
hundredth  of  a  millimeter,  so  the  beam  has  been  reduced  by  a  factor  of  about  100. 
The  output  of  the  laser  has  not  increased,  but  the  energy  is  focused  onto  a  much 
smaller  area. 

Laser  goggles 

The  welder  uses  tinted  dark  goggles  to  block  the  bright  light  emitted  from  the  t  orch 
and  melting  metal.  A  pair  of  laser  goggles  can  help  prevent  much  of  the  light  pro¬ 
duced  by  a  laser  from  reaching  your  eyes — even  if  the  beam  is  inadvertently  directed 
toward  you. 
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Laser  goggles,  such  as  the  ones  in  Fig.  2-2,  are  not  an  absolute  necessity  when  ex¬ 
perimenting  with  low-power  He-Ne  and  semiconductor  lasers,  though  you  will  want  a 
pair  if  your  experiments  often  cause  the  beam  to  strike  your  eyes.  Even  with  goggles, 
you  should  avoid  direct  exposure  to  the  laser  light.  Some  of  the  light  can  penetrate 
the  goggles,  and  depending  on  the  power  output  of  the  laser,  can  still  be  dangerous. 


2-2  Laser  safety  goggles. 

In  all  cases,  you  should  use  goggles  when  working  with  Class  IV  high-power 
lasers,  such  as  ruby,  Nd:glass,  and  CO2.  Laser  goggles  are  manufactured  to  restrict 
light  at  only  a  certain  light  wavelength,  such  as  332  nm  (neon-nitrogen),  694.3  nm 
(ruby),  and  840  nm  (gallium  arsenide).  You  must  specify  the  wavelength  or  laser 
when  ordering.  Be  aware  that  laser  goggles  are  expensive;  a  new  pair  can  cost  over 
$100.  A  few  laser  goggles  are  designed  to  block  a  series  of  wavelengths  and  can  be 
used  effectively  with  many  types  of  lasers. 

The  invisible  ray 

Infrared  lasers  pose  a  different  threat  because  the  light  they  produce  cannot  be 
readily  seen.  Don’t  be  fooled  by  the  false  sense  of  security  that  just  because  you  can’t 
see  the  beam  that  it  isn’t  there — and  won’t  harm  your  eyes.  You  might  not  know  you 
are  staring  down  a  beam  delivering  10  to  40  watts  of  pulsed  infrared  radiation  until 
your  vision  becomes  blurry  and  you  see  dark  spots. 


Working  with  lasers  25 


Most  infrared  lasers,  particularly  the  semiconductor  variety,  emit  near-infrared 
radiation.  Most  laser  diodes  emit  light  in  the  region  between  780  and  904  nm.  If  you 
look  directly  at  the  laser,  you  might  see  a  faint  red  glow.  Do  not  look  at  this  light  for 
an  extended  period,  particularly  if  the  beam  has  been  collimated  or  focused.  The  vis¬ 
ible  glow  might  be  dim,  but  the  actual  light  output  of  the  laser  could  be  quite  high. 

A  pulsed  laser  diode  can  easily  deliver  5  to  10  watts  of  energy;  many  produce  up 
to  50  watts  of  pulsed  energy.  Though  the  beam  is  pulsed,  the  repetition  rate  is  very 
fast  and  appears  as  a  steady  stream.  You  can  be  sure  that  continual  observation  of  a 
focused,  10-watt  beam  will  cause  at  least  some  damage  to  the  eye. 

High-voltage  electrocution 

The  latest  semiconductor  lasers  operate  from  low- voltage  dc  power  packs.  A  number 
of  projects  later  in  this  book  show  how  to  construct  semiconductor  laser  diode  sys¬ 
tems  using  flashlight  batteries.  These  laser  systems  pose  no  threat  of  shock. 

On  the  other  hand,  all  gas  lasers,  including  the  popular  helium-neon  variety,  re¬ 
quire  high-voltage  power  supplies.  These  power  supplies  boost  the  mains  voltage 
from  12  volts  dc  or  117  volts  ac  to  several  thousand  volts.  The  typical  12-volt-dc  laser 
power  supply  produces  up  to  3000  volts  dc,  an  extraordinary  amount  when  you  con¬ 
sider  that  an  electric  chair  puts  out  only  2000  volts! 

Some  laser  experimenters  tend  to  disregard  the  high  voltages.  They  assume  that 
although  the  voltage  is  high,  the  current  level  is  low.  They  rely  on  the  old  maxim  “It’s 
the  volts  that  jolts,  but  it’s  the  mills  that  kills.”  This  is  true,  but  is  limited  thinking. 
The  power  demand  of  the  typical  helium-neon  laser  is  low,  between  3  and  7  milli¬ 
watts.  At  normal  dc  levels  (5  or  12  volts),  this  current  is  not  enough  to  be  felt.  But  at 
the  1.2  to  3  kV  level  of  standard  laser  operating  voltages,  even  a  7-milliwatt  jolt  can, 
depending  on  the  circumstances,  kill  you. 

Laser  power  supplies  should  be  properly  shielded  and  insulated.  Avoid  operating 
a  power  supply  in  the  open,  and  always  cover  exposed  high-voltage  parts.  Insulating 
material,  such  as  high-voltage  putty  (available  at  TV  repair  shops  and  electronic 
stores) ,  restricts  arcing  and  provides  a  relatively  shock-proof  layer.  It’s  easy  to  forget 
that  several  thousand  volts  are  coursing  through  a  wire,  and  you  might  inadvertently 
touch  it  or  brush  across  it.  Even  a  direct  contact  is  not  necessaiy.  A  3-kV  arc  can  jump 
a  quarter  of  an  inch  or  more,  and,  like  lightning,  discharge  on  the  nearest  object.  If 
that  object  happens  to  be  your  fingers  or  elbow,  you  will  receive  a  painful  shock. 

Admittedly,  most  shocks  from  laser  power  supplies  won’t  kill  you,  nor  will  they 
burn  your  skin.  But  don’t  underestimate  the  power  of  low-current  high  voltages. 
Your  body’s  protective  mechanism  automatically  reacts  to  the  jolt.  If  you  touch  a  live 
wire  with  your  hand,  your  body  quickly  contracts  to  prevent  further  shock.  If  the  jolt 
is  large  enough,  you  might  be  knocked  backward  onto  the  ground.  Should  you  be 
holding  the  laser  tube  at  the  time,  you  might  drop  and  shatter  it,  which  adds  the  risk 
of  cutting  yourself  on  top  of  it  all.  Sound  like  the  voice  of  experience?  It  is. 

Phantom  current 

Most  laser  power  supplies  use  high-voltage  capacitors  at  the  output  stage.  Like  all 
capacitors,  these  can  retain  current  even  after  the  power  supply  has  been  turned  off. 


26  Chapter  2 


Though  many  laser  supplies  use  bleeder  resistors  that  drain  the  capacitors  after 
power  has  been  removed,  not  all  do.  Play  it  safe  and  assume  that  the  output  of  any 
power  supply — plugged-in  or  not — is  potentially  hot. 

When  working  with  the  laser,  be  sure  the  power  supply  is  off,  then  temporarily 
short  the  leads  of  the  power  supply  together,  or  simply  touch  the  positive  terminal  of 
the  supply  to  ground  (see  Fig.  2-3).  That  will  discharge  any  remaining  current,  mak¬ 
ing  the  power  supply  safe  to  work  on.  Likewise,  the  laser  tube  behaves  like  a  Leyden 
jar,  which  is  a  type  of  capacitor.  It,  too,  can  retain  a  current  after  power  has  been  re¬ 
moved.  Drain  the  remaining  charge  by  shorting  the  terminals  or  leads  together.  The 
1-M£2  resistor  is  used  to  prevent  a  direct  short.  Leave  the  jumper  in  place  for  several 
seconds  to  make  sure  that  all  the  energy  is  dissipated. 


Cathode 


High  voltage 
power  supply 


Anode 


2-3  For  safety’s  sake,  always  discharge  the  static  remaining  in  a  gas  laser  by 
shorting  the  terminals  with  a  jumper  cable  (be  sure  power  is  removed  first!).  If 
you  can’t  reach  both  terminals,  short  the  anode  to  ground. 


High-voltage  precautions 

Take  these  simple  steps  to  avoid  unnecessary  shocks: 

•  Do  not  apply  power  to  the  laser  until  all  the  high-voltage  wires  and 
components  are  shielded  or  insulated. 

•  Do  not  work  near  a  laser  that  has  high-voltage  components  exposed. 

•  Provide  an  interlock  switch  to  protect  against  accidental  electrocution  when 
servicing  the  laser. 

•  Discharge  the  tube  and  power  supply  to  avoid  shock  after  power  has  been 
removed. 

•  Affix  a  “Danger — High  Voltage”  sticker  to  the  power  supply  and  tube  to  warn 
others  that  high  voltages  are  present. 

•  Install  a  power  key  switch  to  prevent  unauthorized  use. 
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•  Never  leave  the  laser  or  power  supply  unattended.  A  laser  is  not  a  toy,  and 
children  should  not  be  allowed  to  use  one  without  your  supervision.  For 
maximum  security,  lock  the  laser  in  a  desk  or  filing  cabinet  to  prevent 
unauthorized  use. 

Ac  electrocution 

Some  laser  supplies  and  laser  projects  operate  from  the  117-volt  ac  house  current. 
Observe  the  same  precautions  when  working  with  ac  circuits.  A  live  ac  wire  can,  and 
does,  kill!  Exercise  caution  whenever  working  with  ac  circuits  and  observe  all  safety 
precautions.  If  you  are  new  to  electronics  and  aren’t  sure  what  these  precautions  are, 
refer  to  Appendix  B  for  a  list  of  books  that  can  help  you  broaden  your  knowledge. 

You  can  greatly  minimize  the  hazards  of  working  with  ac  circuits  by  following 
these  basic  guidelines: 

•  Always  keep  ac  circuits  covered. 

•  Keep  ac  circuits  physically  separate  from  low- voltage  dc  circuits. 

•  All  ac  power  supplies  should  have  fuse  protection  on  the  incoming  hot  line. 
The  fuse  should  be  adequately  rated  for  the  circuit,  but  should  allow  a  fail¬ 
safe  margin  in  case  of  short  circuit. 

•  When  troubleshooting  ac  circuitry,  keep  one  hand  in  your  pocket  at  all  times. 
Use  the  other  hand  to  manipulate  the  voltmeter  or  oscilloscope  probe.  Avoid 
the  situation  where  one  hand  touches  ground  and  the  other  a  live  circuit. 

The  ac  flows  from  one  hand  to  the  other,  through  your  heart. 

•  When  possible,  place  ac  circuits  in  an  insulated  Bakelite  or  plastic  chassis. 
Avoid  the  use  of  metal  chassis. 

•  Double-  and  triple-check  your  work  before  applying  power.  If  you  can,  have 
someone  else  inspect  your  handiwork  before  you  switch  the  circuit  on  for 
the  first  time. 

•  Periodically  inspect  ac  circuits  for  worn,  broken,  or  loose  wires  and 
components,  and  make  any  necessary  repairs. 

Projects  safety 

A  number  of  the  projects  in  this  book  require  work  with  potentially  hazardous  mate¬ 
rials,  including  glass,  razor  blades,  and  wood  and  metal  tools.  Glass  and  mirror-cut¬ 
ting  should  be  done  only  with  the  proper  tools  and  safety  precautions.  Wear  eye 
protection  whenever  you  are  working  with  glass.  If  you  can,  wear  gloves  when  han¬ 
dling  cut  glass  and  mirrors.  Finish  the  edges  with  a  burnisher,  flame,  or  piece  of 
masking  tape. 

Razor  blades  provide  a  well-defined  and  accurate  edge  and  are  helpful  in  a  num¬ 
ber  of  optical  experiments.  You  need  new,  unused  blades;  nicks  and  blemishes  on  the 
blade  surface  can  impair  your  results.  Obviously,  you  must  exercise  extreme  care 
when  handling  razor  blades. 

One  good  way  to  handle  razor  blades  is  to  coat  the  edges  of  the  blade  with  a  soft 
wax  or  masking  tape.  When  you  are  ready  to  position  and  use  the  blade,  peel  off  the 
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wax  or  tape.  When  cutting  with  razor  blades,  wear  eye  protection  and  gloves.  For 
maximum  safety,  place  the  blade  behind  a  large  piece  of  clear  plastic.  If  any  pieces 
break  off  during  cutting,  the  plastic  will  protect  your  body. 

An  optional  experiment  in  Chapter  22  involves  the  use  of  liquid  nitrogen,  a  cryo¬ 
genic  gas  that  has  a  temperature  of  minus  196°  C.  Although  liquid  nitrogen  is  non¬ 
flammable  and  non-toxic,  its  extremely  cold  temperature  can  cause  frost-bite  burns. 
You  should  handle  liquid  nitrogen  only  in  an  approved  container  (a  Thermos  bottle 
with  a  hole  drilled  in  the  cap  often  works),  waterproof  gloves,  and  eye  protection. 
Follow  the  recommendations  and  handling  precautions  given  in  Chapter  22  for  more 
details.  When  treated  properly,  liquid  nitrogen  is  safe  and  fun  to  use. 

Construction  plans  require  the  use  of  wood-  and  metal-working  tools.  You  can 
use  hand  on  power  tools;  either  way,  carefully  follow  all  operating  procedures  and 
use  the  tools  with  caution.  Most  power  tools  provide  some  type  of  safety  mecha¬ 
nisms,  so  don’t  defeat  them!  Thoroughly  read  the  instruction  manual  that  came  with 
the  tool.  A  number  of  good  books  have  been  written  on  wood  and  metal  working  and 
the  tools  involved.  Check  your  library  for  available  titles. 

Common  sense  is  the  best  shield  against  accidents,  but  common  sense  can’t  be 
taught  or  written  about  in  a  book.  It’s  up  to  you  to  develop  common  sense  and  use  it 
at  all  times.  Never  let  down  your  guard.  The  laser  projects  in  this  book  are  provided 
for  your  education  and  enjoyment.  Don’t  ruin  the  fun  of  a  wonderful  hobby  or  voca¬ 
tion  because  you  neglected  a  few  safety  measures. 
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Introduction  to  optics 


Optics  are  an  integral  part  of  laser  experiments.  They  allow  you  to  manipulate  the 
beam  in  ways  similar  to  how  electronic  components  control  the  flow  of  current 
through  a  circuit.  In  this  chapter,  you’ll  learn  about  optics  and  how  they  effect  laser 
light.  You’ll  also  learn  how  to  care  for,  clean,  and  store  optics  in  order  to  preserve 
their  light-manipulating  characteristics.  Although  the  following  text  only  scratches 
the  surface  of  optics,  it  provides  a  clear  understanding  of  the  fundamentals  and 
helps  you  start  on  your  way  to  using  optics  in  your  own  laser  projects. 

Fundamentals  of  the  simple  lens 

The  speed  of  light  in  a  vacuum  is  a  constant,  which  is  precisely  299,792.5  kilometers 
per  second  or  186,282  miles  per  second.  By  definition,  a  vacuum  means  the  absence 
of  matter;  when  matter  is  introduced,  light  slows  down,  because  the  beam  of  light  ac¬ 
tually  bends.  Imagine  a  ray  of  light  as  a  line  traversing  from  the  sun  to  the  Earth,  as 
in  Fig.  3-1.  When  the  ray  of  light  strikes  the  boundary  between  vacuum  and  matter 
(in  this  case,  air),  the  ray  bends. 

This  is  refraction ,  and  it  occurs  whenever  light  passes  through  two  mediums  of 
different  densities  (a  vacuum  has  no  density;  all  matter  has  some  density) .  The  an¬ 
gle  of  the  bend  depends  on  three  factors: 

•  The  density  of  the  media. 

•  The  wavelength  of  the  light. 

•  The  direction  of  light  travel,  whether  it  is  passing  from  a  less  dense  medium 
to  a  thicker  one,  or  vice  versa. 

Refraction  based  on  density 

Light  rays  bend  more  in  heavy  density  media.  The  amount  of  bending  is  called  the 
index  of  refraction,  which  is  calculated  by  dividing  the  density  of  the  medium  by 
that  of  a  vacuum.  A  vacuum  has  a  refractive  index  of  1 ;  glass  has  a  refractive  index 
of  about  1.6  (depending  on  the  glass);  and  air  has  a  refractive  index  of  1.0003.  No¬ 
tice  that  the  exact  index  of  refraction  for  these  and  other  media  also  depends  on 
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3-1  The  effect  of  refraction  on  a  ray  of  light  entering  the  Earth’s  at¬ 
mosphere. 


temperature,  barometric  pressure,  and  impurities,  but  not  on  thickness.  Forgetting 
that  the  atmosphere  gets  thinner  at  higher  altitudes,  one  foot  of  air  has  the  same  in¬ 
dex  of  refraction  as  one  mile  of  air.  The  slow-down  of  light  rays  through  a  refractive 
medium  is  not  cumulative,  where  the  light  might  eventually  stop. 

Refraction  based  on  wavelength 

Longer  wavelengths  of  light  bend  less  than  shorter  wavelengths.  As  you  can  see  in  the 
chart  in  Fig.  3-2,  red  light  has  a  longer  wavelength  than  violet  light.  If  you  were  to  di¬ 
rect  a  beam  of  red  light  through  a  refracting  medium,  such  as  water,  its  angle  of  bend 
would  be  less  than  that  for  a  beam  of  violet  light.  Of  course,  this  is  how  a  prism,  cov¬ 
ered  more  fully  later  in  this  chapter,  breaks  up  white  light  into  its  component  colors. 

Refraction  based  on  direction  of  light  travel 

Draw  a  line  that  bisects  the  border  between  two  different  media.  Now  draw  a  line  at 
a  right  angle  to  the  border,  as  shown  in  Fig.  3-3.  This  new  line  is  called  line  normal , 
and  is  an  important  concept  in  optics.  When  a  ray  of  light  passes  from  a  less  dense 
medium  to  a  more  dense  one,  the  ray  bends  toward  line  normal.  The  reverse  is 
true  when  light  passes  from  a  dense  medium  to  a  less  dense  one:  The  ray  bends 
away  from  line  normal.  So  that  you  can  refer  to  this  important  concept  more  eas¬ 
ily,  let’s  summarize  it.  We’ll  use  the  terms  rare  and  dense  medium  to  denote  less 
dense  and  more  dense. 

•  Rare-to-dense  transition:  light  bends  toward  line  normal. 

•  Dense-to-rare  transition:  light  bends  away  from  line  normal. 
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3-2  All  colors  have  a  specific  wavelength;  the  wavelength  increases  as  the  colors  approach  the 
red  end  of  the  spectrum. 


3-3  Light  always  refracts  as  it  enters  or  exits  mediums  of  different  den¬ 
sities.  Line  normal  shows  the  effect  of  refraction  in  relation  to  change  in 
density. 


Lenses  as  refractive  media 

Lenses  are  refractive  media  constructed  in  a  way  so  that  light  bends  in  a  particular 
way.  The  refractive  index  of  a  lens  is  determined  by  its  chemical  makeup.  Some 
lenses  refract  light  more  strongly  than  others.  Two  common  lens  glasses  are  Schott 
and  crown.  At  the  green  light,  wavelengths  of  the  middle  spectrum  (approximately 
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540  nm),  Schott  glass  has  a  refractive  index  of  1.79  and  crown  glass  has  a  refractive 
index  of  1.52.  Both  crown  and  Schott  glass  lenses  can  be  used  separately  or  together. 

Unless  you  are  a  manufacturer  of  optics  equipment  like  microscopes,  tele¬ 
scopes,  and  binoculars,  you  won’t  know  the  exact  makeup  of  the  lenses  you  buy. 
Rather,  you’ll  be  concerned  with  three  other  lens  specifications: 

•  lens  shape 

•  lens  focal  length 

•  lens  diameter 

Lens  shape 

More  than  anything  else,  the  shape  of  the  lens  determines  how  light  is  refracted 
through  it.  A  flat  piece  of  glass,  although  still  a  refractive  medium,  will  bend  all  the 
light  rays  going  through  it  equally.  You  won’t  see  an  apparent  change  when  looking 
through  the  glass  at  some  object  on  the  other  side  (although  you  can  experiment 
with  the  effects  of  refraction  through  a  plate  of  glass  with  a  laser,  as  described  in 
Chapter  8) . 

But  if  you  make  the  glass  thicker  in  the  middle  than  at  the  edges,  light  rays  strik¬ 
ing  the  glass  are  refracted  at  different  angles.  Why?  Is  it  not  the  thickness  of  the  glass 
that  is  causing  the  difference  in  the  bending  of  light,  but  the  difference  in  the  direc¬ 
tion  of  line  normal  throughout  the  radius  of  the  glass. 

Look  at  Fig.  3-4  for  a  better  view.  The  lens  curves  at  the  edges,  so  line  normal  is 
bent  away  from  the  incoming  light  rays  (assuming  parallel  light  rays).  The  rays  are 
traveling  through  a  rare-to-dense  transition,  so  the  light  is  bent  toward  line  normal. 
Because  line  normal  is  at  a  greater  angle  at  the  outer  radius  of  the  lens  than  it  is  at 
the  middle,  the  rays  at  the  edges  are  deflected  more.  Now,  when  you  look  through 
the  glass — which  in  this  form  is  more  accurately  called  a  lens — an  object  on  the 
other  side  takes  on  a  different  appearance.  Depending  on  how  close  you  hold  the 
lens  to  your  eye,  the  object  appears  larger  than  it  really  is. 


Greater  bending 


3-4  A  lens  is  a  piece  of  glass  whose  curvature  bends  light  rays  in  a  certain 
direction  and  by  a  certain  amount.  A  common  application  for  a  lens  is  to 
focus  parallel  light  rays  to  a  point,  as  shown  here. 
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There  are  numerous  shapes  of  lenses,  and  each  shape  manipulates  light  in  a 
slightly  different  way.  The  next  section  covers  these  shapes  in  more  detail  and  how 
they  are  used. 

Lens  focal  length 

The  precise  definition  of  lens  focal  length  is  rather  involved  and  beyond  the  scope 
of  this  book,  but  for  our  purposes,  it  is  sufficient  to  say  that  the  focal  length  of  a  lens 
is  the  distance  from  the  lens  where  rays  are  brought  to  a  common  point.  Rays  enter¬ 
ing  one  side  of  the  lens  are  refracted  so  that  they  converge  at  a  common  point.  Mea¬ 
suring  the  distance  from  the  optical  center  of  the  lens  to  this  point  gives  you  the 
focal  length.  Later  in  this  chapter,  you’ll  learn  that  this  definition  applies  to  only  cer¬ 
tain  kinds  of  lenses.  Others  behave  in  an  almost  opposite  manner. 

Focal  length  is  an  important  consideration  because  it  tells  you  how  much  the 
lens  is  refracting  light.  A  short  focal  length  means  that  the  light  rays  are  brought  to 
a  point  very  quickly,  so  the  rays  must  be  heavily  refracted  in  the  lens.  A  long  focal 
length  means  that  the  rays  are  gradually  brought  to  a  point  and  that  the  amount  of 
refraction  is  mild.  You  choose  a  lens  of  particular  focal  length,  depending  on  the  task 
you  want  to  perform. 

Lens  diameter 

The  diameter  of  the  lens  determines  its  light  gathering  capability.  The  larger  the  lens, 
the  more  light  it  collects.  For  example,  you  use  the  largest  lens  possible  at  the  end  of 
a  telescope  to  bring  distant  planets  and  galaxies  into  view.  In  laser  work,  however,  big¬ 
ger  isn’t  always  better.  The  field  of  view  of  a  laser  beam  is  finite.  That  means  you  are 
interested  in  dealing  with  just  the  pencil-thin  beam  of  the  laser  and  nothing  more. 

Because  the  lenses  can  be  small,  it’s  easy  to  build  compact  laser  optical  systems. 
And  perhaps  more  important  to  the  hobbyist,  smaller  lenses  are  much  cheaper  than 
larger  ones.  Most  of  the  lenses  you  purchase  for  your  laser  experiments  should  be 
surplus  or  seconds,  but,  the  preference  for  small  size  pays  off.  Large,  unblemished 
lenses  are  a  rarity  in  the  surplus  lens  market,  and  most  of  the  big  ones  are  usually 
practically  useless  for  anything  but  paperweights  anyway.  In  addition,  most  optics 
experimenters  are  mainly  interested  in  large  surplus  lenses  for  components  in  tele¬ 
scopes,  home-made  projectors,  and  camera  attachments.  They  tend  to  ignore  the 
smaller  ones,  so  you  will  probably  have  more  to  choose  from. 

Lens  types 

There  are  six  major  types  of  lenses,  as  shown  in  Fig.  3-5.  But  before  taking  a  look  at 
each  type  of  lens,  let’s  define  the  meaning  of  piano,  convex,  concave,  and  meniscus. 

•  Plano  means  flat. 

•  Convex  means  curving  outward  (with  respect  to  the  other  side  of  the  lens) . 

•  Concave  means  curving  inward  (with  respect  to  the  other  side  of  the  lens) . 

•  Meniscus  means  curving  in  on  one  side  and  curving  out  on  the  other. 

The  combinations,  such  as  plano-convex  and  double-concave,  refer  to  each  side 
of  the  lens.  A  plano-convex  lens  is  flat  on  one  side  and  curves  outward  on  the  other. 
A  double-concave  lens  curves  inward  on  both  sides.  Negative  and  positive  refer  to 


34  Chapter  3 


Positive  Lenses 
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convex  convex  meniscus 
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3-5  The  six  major  types  of  lenses,  broken  into  sub-groups  Positive  and  Negative. 


the  focal  point  of  the  lens,  as  determined  by  its  design.  In  actuality,  all  lenses  are  ei¬ 
ther  positive  or  negative,  but  only  meniscus  lenses  come  in  both  flavors. 

Lenses  form  two  kinds  of  images:  real  and  virtual .  A  real  image  is  one  that  is  fo¬ 
cused  to  a  point  in  front  of  the  lens,  such  as  the  image  of  the  sun  focused  to  a  small 
disc  on  a  piece  of  paper.  A  virtual  image  is  one  that  doesn’t  come  to  a  discrete  focus. 
You  see  a  virtual  image  behind  the  lens,  as  when  you  are  using  a  lens  as  a  magnifying 
glass.  Positive  lenses,  which  magnify  the  size  of  an  object,  create  both  real  and  vir¬ 
tual  images.  Their  focal  length  is  stated  as  a  positive  number.  Negative  images,  which 
reduce  the  size  of  an  object,  create  only  virtual  images.  Their  focal  length  is  stated  as 
a  negative  number. 

Lenses  converge  or  diverge  light.  When  light  is  converged ,  the  rays  are  brought 
together  at  a  common  point.  When  light  is  diverged ,  it  is  spread  out  and  the  rays 
don’t  meet.  The  capacity  to  converge  or  diverge  light  also  depends  on  the  pattern  of 
the  light  before  it  enters  the  lens. 

In  most  cases  when  dealing  with  lasers,  the  light  is  collimated ;  that  is,  all  of  the 
light  rays  are  traveling  parallel  (in  actuality  the  beam  is  spreading  slowly  but  the 
amount  is  small  compared  to  the  light  from  other  sources).  In  some  instances,  how¬ 
ever,  the  rays  are  diverging  (spreading),  and  a  given  lens  can  serve  to  collimate  the 
light  (make  it  parallel) . 

All  lenses  have  an  optical  center,  which  is  typically  in  the  middle  of  the  lens.  Re¬ 
fraction  is  absent  or  minimal  at  the  optical  center  and  increases  with  radius.  In  most 
lenses,  refraction  is  the  strongest  at  the  outside  edge  of  the  lens. 

Plano  convex 

As  noted,  a  piano  convex  lens  is  flat  on  one  side  and  curved  outward  on  the  other. 
Plano  convex  lenses  have  positive  focal  lengths;  that  is,  they  magnify  an  image  when 
you  look  through  them.  Plano-convex  lenses  converge  incident  light  to  a  common  fo¬ 
cal  point  and  they  form  real  or  virtual  images.  They  are  most  often  used  in  tele¬ 
scopes,  optical  receivers  and  transmitters,  and  other  applications,  where  it  is 
desirable  to  focus  a  beam  of  light  to  a  common  point. 
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Double-convex 

Double-convex  lenses  bulge  out  on  both  sides.  The  amount  of  curvature  is  typically 
the  same  for  both  sides,  but  not  always.  A  double-convex  lens  that  is  the  same  on 
both  sides  is  symmetrical.  A  lens  that  has  different  curvatures  is  asymmetrical. 

Symmetrical  lenses  are  often  desired  because  they  suffer  from  less  distortion 
(covered  later  in  this  chapter).  Like  the  plano-convex  lens,  double-convex  lenses 
have  positive  focal  lengths  and  converge  light  to  a  common  point.  They  create  both 
real  and  virtual  images.  Typically,  a  double-convex  lens  of  a  particular  diameter  has  a 
shorter  focal  point  (higher  magnification)  than  a  plano-convex  lens  of  the  same  size. 

Positive  meniscus 

A  meniscus  lens  has  one  surface  concave  (curved  inward)  and  the  other  surface  con¬ 
vex  (curved  outward).  In  a  positive  meniscus  lens,  the  center  of  the  lens  is  thicker 
than  the  edges  (the  reverse  is  true  in  a  negative  meniscus  lens). 

A  meniscus  lens  is  most  often  used  with  another  lens  to  produce  a  device  of  a 
longer  or  shorter  focal  length  than  just  the  original  lens  used  alone.  For  example,  a 
positive  meniscus  lens  can  be  used  behind  a  plano-convex  lens  to  shorten  the  effec¬ 
tive  focal  length  of  the  optical  system.  You  can  also  use  a  positive  meniscus  lens  as  a 
magnifier;  like  the  plano-convex  and  bi-convex  lenses,  they  converge  light  rays  to  a 
common  point,  magnify  images,  and  have  a  positive  focal  length. 

Plano-concave 

The  plano-concave  lens  is  flat  on  one  side  and  curved  inward  on  the  other.  Plano¬ 
concave  lenses  have  negative  focal  lengths  and  diverge  (spread)  a  beam  of  colli¬ 
mated  light.  They  form  virtual  images  only.  Plano  concave  lenses  are  often  used  to 
expand  a  laser  beam  so  that  it  covers  a  larger  area,  or  they  can  be  used  to  increase 
the  focal  length  of  optical  equipment,  such  as  telescopes. 

Double-concave 

Double-concave  lenses  curve  inward  on  both  sides,  and  are  similar  in  function  and 
application  as  plano-concave  lenses.  They  have  negative  focal  points  so  that  they 
create  virtual  images  only;  a  double-concave  lens  can’t  be  used  to  focus  light  at  a 
common  point. 

Negative  meniscus 

In  a  negative  meniscus  lens,  the  center  of  the  lens  is  thinner  than  the  edges.  See 
the  previous  section  on  positive  meniscus  lenses  for  a  description  of  possible  uses. 

Lens  combinations 

Lenses  are  often  grouped  together  to  manipulate  the  light  in  a  way  that  can’t  be  done 
by  using  just  one  lens  alone.  As  covered  in  the  section  on  meniscus  lenses,  for  in¬ 
stance,  two  or  more  lenses  can  be  combined  to  shorten  or  lengthen  the  focal  length 
of  an  optical  device.  Lenses  can  also  be  combined,  usually  by  physical  bonding  with 
optically  clear  cement,  to  reduce  or  eliminate  aberrations.  These  aberrations  can  dis- 
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tort  the  image  or  color  rendition  and  are  particularly  annoying  in  systems  that  use 
large  lenses  (such  as  telescopes). 

One  lens  used  alone  is  a  singlet.  The  majority  of  lenses  are  singlets,  but  they  can 
be  combined  with  others  to  create  more  complicated  optical  structures.  Two  lenses 
used  together  are  called  a  doublet  (or  duplet);  three  lenses  are  called  a  triplet.  Of¬ 
ten,  but  not  always,  the  individual  lenses  that  make  up  a  doublet  or  triplet  are  made 
of  different  substances,  each  with  a  different  index  of  refraction. 

Because  of  the  monochromatic  and  pencil-thin  nature  of  laser  light,  most  lenses 
for  laser  projects  needn’t  be  anything  more  than  singlets.  Certain  aberrations,  par¬ 
ticularly  those  that  deal  with  the  problems  of  faithful  color  reproduction,  aren’t  of 
major  concern  to  the  laser  enthusiast. 

Lens  coatings 

The  physics  of  optics  says  that  even  under  the  best  circumstances,  about  4%  of  inci¬ 
dent  light  on  a  piece  of  glass  (including  a  lens)  will  be  reflected.  The  remaining  96% 
is  passed  through.  This  percentage  varies,  depending  on  the  angle  of  incidence.  Re¬ 
flectance  is  increased  at  the  outer  edges  of  a  convex  lens,  for  example,  because  the 
light  strikes  the  lens  surface  at  a  greater  angle. 

The  least-expensive  lenses  are  composed  of  bare  glass  with  no  special  coating. 
An  optical  system  that  uses  many  uncoated  lenses  will  suffer  from  an  appreciable 
amount  of  light  loss  because  of  reflection.  These  reflections  must  go  someplace,  and 
they  often  strike  the  inner  walls  of  the  optical  device  or  are  bounced  around  in  an  un¬ 
predictable  manner.  Such  reflections  decrease  contrast  and  cause  flaring,  ghosting, 
and  other  imperfections. 

A  thin  coating  of  magnesium  fluoride  or  some  other  material  can  decrease  re¬ 
flection  to  only  1.5%  or  so.  That  means  98.5%  or  more  of  the  light  passes  through  the 
lens.  The  coating  applied  to  better-quality  lenses  helps  reduce  unwanted  reflection, 
and  can  also  allow  only  one  particular  portion  of  the  light  spectrum  to  pass  through. 

Lens  coatings  take  many  forms,  and  the  very  expensive  lenses  have  complex, 
multilayer  coatings  applied  in  specific  thicknesses  (usually  lA  wavelength  of  visible 
light).  Unless  you  order  a  coated  lens  directly  from  a  lens  manufacturer,  you  proba¬ 
bly  won’t  know  the  type  of  antireflection  (AR)  coating  used.  You  can,  however,  see  if 
a  lens  is  coated  by  tilting  it  at  a  45°  angle  and  looking  at  the  reflected  light.  Coated 
optics  designed  to  work  with  visible  light  have  a  blue  or  purplish  hue  to  them.  Often, 
but  not  always,  lenses  will  be  coated  on  both  sides. 

The  function  of  mirrors 

Mirrors  are  used  in  laser  experiments  to  re-direct  a  beam,  to  mix  a  beam  with  other 
light  sources,  and  a  number  of  other  tasks.  Mirrors  differ  in  their  reflective  material, 
amount  of  reflection,  flatness,  and  location  of  the  reflective  surface. 

The  principles  of  reflection 

Recall  the  concept  of  fine  normal  from  the  previous  section  on  refraction.  Line  nor¬ 
mal  is  also  used  in  the  analysis  of  reflection.  The  principle  of  reflection  is  simple:  the 
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angle  of  reflectance,  in  relation  to  line  normal,  is  equal  to  the  angle  of  incidence. 
That  is,  if  you  bounce  a  beam  of  light  off  a  mirror  at  a  45°  angle  to  line  normal,  the 
reflected  ray  will  also  be  at  a  45°  angle.  The  reflected  ray  will  be  on  the  opposite  side 
of  line  normal  as  the  incident  ray. 

Front  or  back  reflective  surface 

Most  household  mirror's  consist  of  a  coat  of  silver  applied  to  the  rear  side  of  a  sheet 
of  glass.  To  prevent  tarnishing,  a  lacquer  is  applied  over  the  silvering.  Such  a  mirror 
is  called  rear-surface  (also  back  or  second  surface)  because  the  reflective  material 
is  applied  to  the  rear  of  the  glass. 

If  you  look  carefully  at  a  back-surface  mirror,  you’ll  see  two  reflections:  one  from 
the  silver  and  one  from  the  front  of  the  glass.  The  amount  of  reflection  from  the  glass  is 
small — about  4  to  5% — but  it’s  enough  to  cause  a  ghost  image  when  the  mirror  is  used 
in  fine  optical  equipment.  Shining  a  laser  on  a  mirror  produces  two  beams:  the  main 
beam  from  the  silver  reflective  surface  and  a  ghost  beam  from  the  front  of  the  glass. 

Front-surface  mirrors  are  coated  with  a  reflective  substance  on  the  front  of  the 
glass.  Looking  closely  at  light  reflected  from  a  front-surface  mirror,  you  see  only  one 
image — from  just  the  reflective  surface.  There  is  no  ghost  because  the  glass  sub¬ 
strate  is  behind  the  reflective  layer. 

Unless  you’re  after  an  unusual  effect  or  are  purposely  trying  to  create  image 
ghosts,  you  will  always  use  front-surface  mirrors  in  your  laser  projects.  Front-sur¬ 
face  mirrors  are  harder  to  find  than  ordinary  back-surface  mirrors,  and  they  are 
more  difficult  to  care  for.  Sources  for  front-surface  mirrors,  as  well  as  all  optical  com¬ 
ponents  covered  in  this  book,  are  located  in  Appendix  A.  Look  for  local  sources  of 
front-surface  mirrors;  check  the  Yellow  Pages  under  (guess  what?!)  “Mirrors.”  Call 
around  until  you  find  what  you  want.  But  before  you  do,  be  sure  to  read  the  section 
on  buying  optics. 

Reflective  coating — metal 

Silver  is  seldom  used  as  the  reflective  layer  on  front-surface  mirrors  because  the  ex¬ 
posed  metal  is  liable  to  tarnish.  However,  some  high-grade  mirrors  that  require  ex¬ 
cellent  reflection  at  all  visible  light  wavelengths  use  silver  front-surface  mirrors  that 
are  protected  with  a  thin,  optically  transparent  overcoat. 

The  most  common  reflective  material  of  front-surface  mirrors  is  aluminum.  Like 
silver  mirrors,  many  front-surface  aluminum  mirrors  are  protected  against  scratches 
and  marring  by  a  clear  overcoating.  This  overcoating  must  be  optically  pure  and 
must  be  applied  in  precise  layers,  usually  at  a  thickness  equaling  !4  wavelength  of 
green  light  (the  middle  of  the  spectrum). 

Gold-coated  mirrors  provide  the  maximum  amount  of  reflection  at  all  visible 
wavelengths.  The  gold  coating  is  soft  and  easily  scratched,  so  a  top  coating  is  neces¬ 
sary.  Again,  the  coating  is  applied  in  precise  layers. 

Reflective  coatings — dielectric 

Dielectric  (non-electrically  conducting)  coatings  are  often  used  in  mirrors  designed 
for  use  in  laser  systems.  A  dielectric  coating  is  extremely  thin  and  semi-transparent 
and  is  applied  to  the  glass  substrate  in  a  series  of  layers.  The  coating  reflects  light  be- 
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cause  its  index  of  refraction  is  higher  than  that  of  the  substrate  (glass)  underneath. 
The  amount  of  reflection  varies,  depending  on  the  angle  of  incidence,  coating  type, 
and  thickness  of  the  coating. 

Most  dielectric  coatings  are  sensitive  to  wavelength,  making  the  mirrors  suitable 
for  different  applications.  Dielectrically  coated  mirrors  designed  for  argon  lasers 
have  a  different  coating  than  those  for  helium-neon  and  diode  lasers.  If  given  a 
choice,  you  should  pick  the  mirror  coated  for  the  type  of  laser  you  are  using. 

Notice  that  the  mirrors  used  in  a  helium-neon  laser  cavity  are  most  often  dielec¬ 
trically  coated.  Although  light  passing  through  these  mirrors  appears  blue,  light  re¬ 
flecting  off  the  mirrors  appears  gold  (or  blue  at  some  angles) .  The  thickness  of  the 
dielectric  coating,  and  hence  the  degree  of  reflectivity,  is  different  for  the  two  mir¬ 
rors.  One  mirror  is  designed  so  that  it  reflects  all  or  most  of  the  light  incident  on  it. 
The  other  mirror  is  designed  so  that  only  some  of  the  light  is  reflected;  the  remain¬ 
ing  portion  passes  through  as  the  exiting  laser  beam. 

Amount  of  reflection 

Even  without  a  coating,  glass  will  reflect  about  4%  of  light  when  the  rays  are  incident  at 
an  angle  between  about  0  and  30°  from  the  surface.  Reflectance  jumps  considerably  as 
the  angle  of  incidence  increases.  At  grazing  incidence,  reflection  approaches  100%. 

Although  plate  glass  can  be  used  as  a  kind  of  mirror,  the  exact  amount  of  reflec¬ 
tion  is  hard  to  control — especially  without  precision  mounting  equipment.  Coatings 
are  used  to  provide  a  known  reflectance.  The  reflectance  varies  depending  on  the 
coating,  coating  thickness,  and  angle  of  incidence.  Some  mirrors  are  made  to  be 
100%  reflective  at  all  angles.  These  generally  use  silver  or  aluminum  reflective  lay¬ 
ers.  Gold  and  dielectric  coatings  tend  to  be  semi-transparent  at  angles  of  incidence 
other  than  0°. 

Other  optical  components 

Numerous  other  optical  components  can  be  used  in  your  laser-system  building  en¬ 
deavors.  Here  is  a  short  rundown  of  the  more  popular  ones. 

Prisms 

Most  people  learn  about  prisms  in  grade  school  as  devices  to  break  white  light  into 
its  component  colors.  This  breakup  is  more  accurately  called  dispersion ,  as  shown 
in  Fig.  3-6,  and  is  caused  by  refraction.  As  you  learned  earlier  in  this  chapter,  the 
longer  the  wavelength  of  light,  the  less  it  bends  caused  by  refraction. 

Prisms  are  used  in  laser  systems  for  several  important  functions: 

•  To  disperse  a  multi-line  laser  beam  into  its  component  colors.  You’d  use  a 
prism  to  separate  the  green  and  blue  colors  in  an  argon  laser,  for  example. 

•  To  redirect  a  beam  at  some  angle,  as  with  a  mirror. 

•  To  polarize  a  beam  of  laser  light  and  direct  it  in  one  or  more  directions. 

The  most  familiar  type  is  the  equilateral  prism ,  which  is  used  mostly  to  dis¬ 
perse  light,  but  also  to  bend  light  at  some  angle.  Viewed  edge-on,  an  equilateral 
prism  is  an  equilateral  triangle  with  60°  angles  between  the  equal  faces. 
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3-6  A  prism  refracts  (or  disperses)  white  light  into  its  constituent  colors. 
Dispersion  allows  you  to  use  a  prism  with  white  light  as  a  “rainbow  maker.” 


Another  common  type  is  the  right  angle  prism  (one  angle  is  90°;  the  others  are 
typically  60°  and  30°).  Right-angle  prisms  are  designed  primarily  to  direct  light  at  a 
90°  angle;  other  angles  are  possible  by  varying  the  incident  angle  of  the  incoming 
light  beam.  A  prism  is  often  preferred  over  a  mirror  when  vibration  or  stress  are 
problems.  The  prism  is  a  solid  piece  of  glass  and  withstands  mechanical  stress  better 
than  a  mirror.  Right-angle  prisms  can  use  either  an  aluminized  or  coated  hypotenuse 
or  total  internal  reflection  to  bounce  the  light  between  the  entrance  and  exit  faces. 

A  roof  or  amici  roof  prism  deflects  light  through  a  90°  angle.  The  roof  prism  is 
similar  to  a  right-angle  prism  and  almost  always  uses  an  uncoated  hypotenuse.  A 
porro  prism  (or  retroflector)  resembles  a  right-angle  prism,  but  is  used  to  turn  light 
around  180° — it’s  sent  back  to  where  it  came  from.  The  light  enters  the  hypotenuse 
of  the  prism,  strikes  one  side,  bounces  off  the  opposite  side,  and  is  redirected  out  the 
hypotenuse. 

Beam  splitters 

A  beam  splitter  does  as  its  name  implies:  it  takes  one  beam  and  divides  it  into  two. 
Most  beam  splitters  are  also  beam  combiners — when  positioned  properly,  the  beam 
splitter  can  combine  the  light  from  two  sources  into  one  shaft  of  light. 

Beam  splitters  come  in  two  forms:  cube  and  plate  glass.  Both  are  shown  in  Fig. 
3-7.  Cube  beam  splitters  are  made  by  cementing  together  two  right-angle  prisms  so 
that  their  common  hypotenuses  touch.  Usually,  some  form  of  reflective  or  polarizing 
layer  is  added  at  the  joint.  Anti-reflection  coatings  are  typically  applied  to  the  en¬ 
trance  and  exit  faces  to  reduce  light  loss.  The  basic  operation  of  the  cube  beam  split¬ 
ter  is  shown  in  Fig.  3-8A. 

Notice  that  the  cube  can  be  made  to  act  as  several  beam  splitters,  depending  on 
the  coating  at  the  hypotenuse.  In  many  cube  beam  splitters,  an  entrance  face  can 
also  act  as  an  exit  face.  Most  cube  beam  splitters  divide  the  light  equally  between  the 
two  exit  faces.  These  are  called  50/50  beam  splitters — 50%  of  the  light  goes  out  one 
face  and  50%  goes  out  the  other  (in  actuality,  less  than  50%  exits  the  cube  at  each 
face  because  of  inherent  reflection  and  transmission  losses). 

Plate  beam  splitters  use  a  flat  piece  of  glass  to  reflect  and  pass  light.  Although 
you  can  use  an  uncoated  piece  of  glass,  the  best  plate  beam  splitters  are  those  de- 
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3-7  Two  types  of  beam  splitters:  plate  and  cube  (the  cube  beam  splitter  is  shown  attached  to 
a  metal  mounting  bracket) . 


signed  for  the  job.  An  anti-reflection  coating  is  applied  to  the  glass  to  control  the 
amount  of  reflection.  Plate  beam  splitters  can  be  made  to  transmit  and  reflect  light 
equally  (50/50)  or  unequally.  Common  ratios  are  10/90  (10%  reflection,  90%  trans¬ 
mission)  and  25/75  (25%  reflection,  75%  transmission). 

Plate  beam  splitters  often  suffer  from  satellite  images — you  get  two  reflected 
beams  instead  of  one.  The  first  spot  of  light,  as  shown  in  Fig.  3-8B,  is  the  primary 
beam  (the  one  you  want).  It  is  produced  when  light  bounces  off  the  reflective  or  first 
surface  of  the  glass.  The  second  spot  is  the  satellite,  caused  by  internal  reflection. 
You  can  sometimes  eliminate  or  reduce  the  intensity  of  the  satellite  by  reversing  the 
plate.  The  reason:  some  beam  splitters  are  coated  on  one  side  only.  Turning  them 
over  directs  the  coating  toward  the  laser.  You  can  also  eliminate  the  satellite  by  care¬ 
fully  placing  black  tape  on  the  beam  splitter.  Direct  the  laser  beam  so  that  only  one 
spot  is  reflected. 

Filters 

Filters  accept  light  at  certain  wavelengths  and  block  all  others.  The  color  of  the  fil¬ 
ter  typically  determines  the  wavelength  of  light  that  it  accepts,  thus  rejecting  all  oth- 
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3-8  How  cube  and  plate  beam  splitters  work.  The  cube  beam  splitter  (A)  is  composed  of 
two  right-angle  prisms  cemented  together.  The  plate  beam  splitter  (B)  is  a  piece  of  flat 
glass  that  might  be  coated  with  a  reflective  layer. 

ers.  For  example,  a  red  filter  passes  red  light  and  blocks  other  colors.  Depending  on 
the  design  of  the  filter,  the  amount  of  light  blockage  can  be  small  or  large. 

Many  filters  for  laser  experiments  are  designed  to  pass  infrared  radiation  and 
block  visible  light.  Such  filters  are  commonly  used  in  front  of  photo  sensors  to  block 
out  unwanted  ambient  light.  Only  infrared  light — from  a  laser  diode,  for  instance — 
is  allowed  to  pass  through  and  strike  the  sensor. 

Filters  for  light  experiments  come  in  three  general  forms:  colored  gel,  interfer¬ 
ence,  and  dichroic.  Colored  gel  filters  are  made  by  mixing  dyes  into  a  Mylar  or  plas¬ 
tic  base.  Good  gel  filters  use  dyes  that  are  precisely  controlled  during  manufacture 
to  make  filters  that  pass  only  certain  colors.  Depending  on  the  dye  used,  the  filter  is 
capable  of  passing  only  a  certain  band  of  wavelengths.  A  good  gel  filter  might  have  a 
bandpass  region  (the  spectrum  of  light  passed)  of  only  40  to  60  nanometers. 

Interference  filters  consist  of  several  dielectric  and  sometimes  metallic  layers 
that  each  block  a  certain  range  of  wavelengths.  One  layer  might  block  light  under 
500  nm  and  another  layer  might  block  light  above  550  nm.  The  band  between  500 
and  550  nm  is  passed  by  the  filter  (see  Fig.  3-9).  Interference  filters  are  sometimes 
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3-9  Interference  filters  are  composed  of  two  (or  more)  layers  that  selectively  block  light 
beyond  a  certain  wavelength.  By  sandwiching  two  complementary  layers  together,  it’s  pos¬ 
sible  to  pass  only  light  in  a  very  restricted  band. 

referred  to  as  bandpass  filters  because  they  are  made  to  pass  a  certain  band  of  light 
wavelengths.  Interference  filters  can  be  made  either  narrowband,  accepting  only  a 
very  small  portion  of  wavelengths,  or  broadband,  accepting  a  relatively  large  chunk 
of  the  spectrum. 

Dichroic  filters  use  organic  dyes  or  chemicals  to  absorb  light  at  certain  wave¬ 
lengths.  Some  filters  are  made  from  crystals,  such  as  cordierite,  that  exhibit  two  or 
more  different  colors  when  viewed  at  different  axes.  Color  control  is  maintained  by 
cutting  the  crystal  at  a  specific  axis.  Dichroism  is  also  used  to  create  polarizing  ma¬ 
terials  (colored  and  uncolored),  as  covered  more  fully  in  Chapter  8. 

Both  interference  and  dichroic  filters  exhibit  a  rainbow  of  colors  as  you  tilt  them 
against  a  white  light  source.  Their  coloration  gives  you  no  clue  to  the  wavelengths 
they  are  designed  to  pass.  Peering  through  the  filter,  you  might  see  a  bluish  or  green¬ 
ish  tinge,  but  tilting  the  filter  or  reflecting  light  off  one  surface  can  reveal  other  strik¬ 
ing  colors,  such  as  gold,  purple,  or  yellow. 

Pinholes 

A  pinhole  is  a  small  hole  drilled  or  punched  into  an  opaque  sheet.  The  hole  can  be 
as  small  as  1  or  2  micrometers  to  as  large  as  one  millimeter.  Pinholes  are  used  to 
make  spatial  filters  or  to  diffract  light. 
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Spatial  filter 

Imagine  looking  at  a  laser  beam  head-on  (don’t  actually  do  it — -just  imagine  it!).  The 
spot  has  a  bright  central  portion  and  an  almost  fuzzy  outer  sheath.  Some  advanced 
laser  experiments  require  a  near-perfect  beam  (one  that  lacks  the  fuzz).  Spatial  fil¬ 
ters  are  used  to  “clean  up”  the  beam  spot  by  taking  just  the  center  portion  and  ex¬ 
cluding  the  perimeter  noise. 

A  spatial  filter  is  a  pinhole  coupled  with  a  microscope  objective.  As  depicted  in 
Fig.  3-10,  the  lenses  in  the  microscope  objective  focus  the  beam  of  light  to  a  tiny  spot, 
often  not  more  than  25  to  50  micrometers  in  diameter.  That  spot  is  squeezed  through 
a  pinhole  of  similar  diameter.  Spatial  filters  require  precision  optics  and  focusing,  and 
though  you  can  make  your  own,  it’s  often  better  to  buy  one  (surplus  if  possible). 

The  spatial  filter  won’t  work  without  the  objective,  because  the  pinhole  alone 
causes  the  beam  to  diffract  (see  Chapter  8  for  some  experiments  with  diffraction).  In¬ 
stead  of  cleaning  up  the  beam,  you  smear  it  even  more.  And  without  the  pinhole,  the 
beam  expands  too  much  as  it  comes  out  of  the  objective,  producing  a  large,  fuzzy  dot. 


3-10  The  basic  operation  of  the  spatial  filter.  A  lens  system  (typ¬ 
ically  a  microscope  objective)  squeezes  the  light  into  a  fine  point. 
The  light  is  then  passed  through  a  pinhole.  The  size  of  the  pinhole 
must  complement  the  magnification  power  of  the  lens  system. 


Slits 

A  slit  is  a  pinhole  that  has  been  enlarged  to  make  a  long,  narrow  rectangle.  It  is  de¬ 
signed  to  produce  diffraction  in  a  laser  beam.  The  width  of  the  slit  is  the  important 
consideration,  not  the  length.  Slits  can  be  made  by  precision  tooling,  with  photo¬ 
graphic  film,  and  with  sharp,  unused  razor  blades  (again,  see  Chapter  8,  for  ideas  on 
making  slits).  Slits  can  either  be  single  or  double,  depending  on  the  application. 

Diffraction  gratings 

Diffraction  in  a  spatial  filter  is  an  undesirable  side-effect,  but  diffraction  in  general  is 
a  highly  useful  optical  phenomenon.  Diffraction  is  what  makes  laser  holograms  work 
and  gives  the  colorful  rainbow  to  compact  discs  and  some  metallic  “mood”  jewelry. 

A  diffraction  grating  diffracts  light  in  a  controlled  manner.  The  amount  of  diffrac¬ 
tion  and  the  size  of  the  interference  fringes  that  the  diffraction  produces  is  determined 
by  the  number  of  lines  or  scribes  made  in  a  transparent  or  reflective  material.  Many  dif¬ 
fraction  gratings  are  made  with  up  to  15,000  parallel  lines  scribed  into  the  material. 
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A  diffraction  grating  can  be  either  transmissive  or  reflective.  Transmissive 
gratings  are  made  by  etching  a  piece  of  clear  film  with  a  precision  tool  (a  diamond 
or  laser) .  You  see  the  diffraction  effects  by  looking  through  the  material.  Reflective 
gratings  are  made  with  an  opaque  metallic  sheet.  You  view  the  diffraction  effects  by 
reflecting  light  off  of  it. 

Diffraction  gratings  can  be  used  to  split  a  laser  beam  into  many  smaller  beams  or 
to  experiment  with  diffraction,  light  wavelength,  metrology  (the  science  of  mea¬ 
surement),  and  much  more. 

Ronchi  rulings 

A  Ronchi  ruling  is  a  coarse  diffraction  grating,  but  is  made  with  more  precision.  In¬ 
stead  of  15,000  lines  per  inch,  a  Ronchi  ruling  has  from  50  to  400  lines  per  inch.  The 
lines  are  etched  or  scribed  in  glass  and  are  held  to  a  much  tighter  tolerance  than  the 
lines  in  a  diffraction  grating. 

You  can  use  a  Ronchi  ruling  for  many  of  the  same  tasks  as  a  diffraction  grating, 
although  the  principle  use  of  a  Ronchi  is  to  test  the  flatness  of  optical  components. 
Holding  a  Ronchi  ruling  up  to  a  laser  beam  causes  diffraction,  and  because  the  lines 
in  the  ruling  are  precise,  you  can  use  the  diffraction  pattern  as  an  aid  in  measuring 
distances,  light  wavelengths,  and  more. 

Miscellaneous  optics 

There  are  more  optical  components  than  the  few  mentioned  in  the  previous  section, 
such  as  polarizers,  quarter- wave  plates,  and  cylindrical  lenses.  These  and  others  of 
interest  to  the  laser  experimenter  are  introduced  throughout  the  rest  of  this  book.  If 
you  would  like  to  learn  more  about  optics  and  how  to  use  them,  consult  Appendix  B 
for  a  list  of  books  on  optical  components.  Also  check  your  local  library  for  additional 
titles  on  the  subject. 

Buying  optics 

Most  of  the  lenses  and  mirrors  you  are  likely  to  buy  will  be  surplus,  either  from 
equipment  taken  out  of  service  or  no  longer  in  manufacture,  or  from  components 
that  are  defective  in  one  way  or  another.  Serious  laser  endeavors  need  the  best-qual¬ 
ity  optics  you  can  afford,  but  routine  experiments  can  effectively  use  second-  and 
third-grade  lenses  and  mirrors.  You’ll  especially  want  to  confine  yourself  to  low- 
grade  optics  when  just  starting  out.  There’s  nothing  worse  than  spending  $20  on  a 
high-quality  lens  only  to  have  it  ruined  because  you  didn’t  know  how  to  care  for  it. 

Never-before-used  prime  surplus  optics  are  the  best  choice.  Why?  They  are  the 
highest  quality,  yet  they  cost  less  because  they  are  no  longer  needed  by  the  original 
manufacturer  or  purchaser.  But  such  surplus  is  hard  to  find,  and  depending  on  the 
source,  is  not  much  cheaper  than  buying  components  brand  new,  straight  from  the 
factory.  Contact  a  number  of  optics  manufacturers  (see  Appendix  A)  and  ask  for 
their  latest  catalog  and  price  list.  Use  the  price  list  as  a  “blue  book”  to  know  when 
you  are  getting  a  good  deal. 
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Lenses 

Optics  that  are  damaged  in  some  way  are  often  referred  to  as  “seconds.”  The  amount 
of  damage  can  be  slight  or  severe,  but  in  any  case,  the  fault  was  major  enough  that 
the  manufacturer  or  user  rejected  the  component.  Lenses  suffer  from  three  major 
faults: 

•  Scratches  Most  scratches  are  hairline  marks  that  you  can’t  ordinarily  see  , 
without  using  a  microscope  or  magnifying  glass.  The  scratch  is  deep  enough 
that  it  can’t  be  rubbed  out,  so  it’s  a  permanent  scar.  If  the  scratch  is  large 
(over  about  50  micrometers,  visible  with  a  good  magnifier),  and  extends 
through  the  optical  center,  the  lens  can’t  be  used  for  laser  experiments.  Toss 
the  lens  or  use  it  for  some  other  less  demanding  application. 

•  Digs  Digs  are  gouges  in  the  lens  surfaces.  These  are  usually  large  enough  to 
see  with  the  unaided  eye.  Obviously,  a  dig  in  the  usable  portion  of  the  lens 
makes  it  worthless.  Some  digs  are  small,  however,  and  might  not  be  easily 
seen.  Their  presence  might  only  be  revealed  when  shining  a  laser  beam 
through  the  lens. 

•  Edge  chips  Most  lenses  are  designed  to  use  the  inner  60  to  80  percent  of 
the  surface,  leaving  the  outside  edge  for  mounting  with  retainer  rings.  Chips 
at  the  edges  generally  don’t  pose  problems.  But  a  large  chip  can  extend  into 
the  usable  area  of  the  lens  and  adversely  affect  the  light.  Look  carefully  for 
edge  chips,  and  reject  those  lenses  where  the  chip  extends  beyond  10%  of 
the  radius. 

If  you  are  buying  lenses  from  a  surplus  dealer,  make  it  a  habit  to  test  for  the 
presence  of  anti-reflection  (AR)  coating.  Although  you  can  use  uncoated  optics,  the 
coated  variety  is  always  better.  To  test  for  the  coating,  hold  the  lens  so  that  white 
light  glances  off  the  surface.  A  lens  with  an  AR  coating  will  be  tinted. 

Mirrors 

A  scratch  on  a  mirror  can  smear  a  laser  beam  and  distort  it  beyond  recognition. 
Closely  inspect  the  reflective  side  of  the  mirror  and  look  for  scratches,  digs,  and 
chips.  Small  imperfections  around  the  periphery  of  the  mirror  can  be  tolerated,  as 
long  as  the  center  of  the  mirror  is  free  of  blemishes. 

Even  though  an  aluminum-  or  silver-coated  mirror  might  seem  100%  reflective 
to  you,  the  metallic  coating  could  be  uneven  and  spotty.  Being  careful  to  grasp  it  by 
the  edges  only,  hold  the  mirror  up  to  a  light  and  peer  through  it.  Can  you  see  any 
small  pinholes  or  other  imperfections  in  the  coating?  If  so,  pick  another  mirror.  Even 
100%  reflective  mirrors  might  have  a  thin  enough  coating  that  you  can  see  through 
it.  This  is  fine  as  long  as  the  coating  appears  even. 

Care,  cleaning,  and  storage  of  optics 

The  banes  of  laser  optics  are  dust,  dirt,  and  grime,  a  trio  that  can  quickly  ruin  even 
the  best-engineered  project.  Lenses,  mirrors,  beam  splitters,  filters,  and  other  opti¬ 
cal  components  must  be  absolutely  free  of  dust,  or  the  laser  beam  could  be  undesir- 
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ably  diffused  and  diffracted.  Obviously,  it’s  impossible  to  prevent  all  contamination 
without  a  sophisticated  “clean  room,”  but  every  step  you  take  to  control  dust  goes  a 
long  way  to  ensure  success  in  your  experiments. 

Keep  your  optics  wrapped  in  lint-free  tissue  (not  facial  tissue)  until  you  use 
them.  The  tissue  paper  for  wrapping  gifts  inside  boxes  is  a  good  choice.  Cut  the  tis¬ 
sue  into  small,  manageable  pieces  and  carefully  wrap  each  lens,  mirror,  or  other 
component.  Use  cellophane  tape  to  keep  the  tissue  closed.  Don’t  write  directly  on 
the  tissue  or  tape;  you’ll  damage  the  optics.  If  you  must  mark  the  component,  write 
the  description  on  white  paper  tape  and  affix  the  tape  to  the  outside  of  the  tissue. 

Store  similar  items  in  closeable  plastic  sandwich  bags.  Mark  the  contents  on  the 
bag  with  a  label.  The  seal  on  the  bag  prevents  contamination  from  moisture.  Leave  a 
little  bit  of  air  in  the  bag  as  you  seal  it  to  provide  a  soft,  protective  cushion. 

Avoid  touching  optical  components  unless  you  have  to,  and  then  handle  the 
components  by  the  edges  only.  Oil  from  your  skin  acts  as  an  acid  that  etches  away 
glass  and  anti-reflection  coatings.  Use  optics-quality  cleaning  tissue  (or  a  cotton 
swab)  to  remove  oil  and  grime  from  lenses  and  mirrors.  Never  use  the  tissue  dry  be¬ 
cause  the  slightly  abrasive  surface  of  the  tissue  can  cause  micro-scratches  on  the 
surface  of  the  components. 

Use  an  approved  lens-cleaning  fluid  or  pure  alcohol,  but  not  an  eyeglass  cleaner 
that  contains  silicone.  Apply  the  cleaner  to  the  tissue,  not  directly  to  the  optical 
component.  Use  only  enough  cleaner  fluid  to  lightly  wet  the  tissue.  Let  the  compo¬ 
nent  dry  on  its  own;  avoid  wiping  a  lens  or  mirror  dry  or  you  might  scratch  it.  Clean 
plastic  lenses  with  distilled  water. 

Clean  optics  with  a  tissue  and  cleaning  fluid  or  water  (use  it  sparingly).  Use  a 
bulb  brush  (available  at  photographic  stores)  to  remove  dust  from  optics  each  time 
you  use  them.  A  can  of  compressed  air  can  also  be  used  to  blow  away  light  dust  par¬ 
ticles.  Be  sure  to  hold  the  can  upright  sp  that  the  propellant  is  not  expelled.  If  the 
valve  has  a  pressure  control,  dial  it  to  the  lowest  setting. 

If  the  optical  component  is  fragile  and  easily  marred,  clean  it  by  dipping  it  in  al¬ 
cohol  or  in  an  optics-grade  cleaner.  If  this  isn’t  practical,  you  can  also  use  an  eye¬ 
dropper  to  splash  cleaner  on  the  component.  Allow  it  to  dry  or  blow  away  the  excess 
moisture  with  a  can  of  compressed  air. 

The  best  way  to  prevent  dust  contamination  is  to  use  the  optics  in  the  cleanest 
environment  possible.  Dusty  garages  are  not  the  place  for  laser  optics  experiments. 
Choose  a  place  inside  that  is  thoroughly  dusted  and  vacuumed.  If  possible,  aim  a 
small  fan  into  the  area  to  create  a  high-pressure  region.  Be  sure  that  you  don’t  stir 
up  dust  with  the  fan.  Place  an  air  filter  in  front  of  the  fan  to  block  dust  from  entering 
the  room. 

Laser  projects  that  you  construct  using  an  optical  bench  or  prototyping  board 
can  be  protected  overnight  by  taping  a  large  sheet  of  tissue  over  the  optics.  Avoid  the 
use  of  towels  or  blankets  because  they  leave  lint  on  lenses  and  mirrors.  Apply  the 
bulb  brush  to  the  optics  before  continuing  the  project  the  next  day. 

Some  laser  projects,  such  as  the  Michelson  interferometer  described  in  Chapter  9, 
are  designed  to  be  built  with  optics  left  intact.  But  the  optics  are  delicate  and  can  be 
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ruined  if  exposed.  Find  a  cardboard  box  large  enough  for  the  project  arid  spray  the  in¬ 
side  of  the  box  with  a  clear  lacquer.  This  mats  the  inside  of  the  box  and  helps  prevent 
cardboard  dust  from  contaminating  the  optics.  Next,  add  fiber  fill  or  other  bonded  in¬ 
terfacing  or  padding  on  the  bottom  and  sides  of  the  box  and  carefully  place  the  project 
inside.  Tape  up  the  top  and  mark  “Fragile”  on  it,  along  with  the  contents  so  that  you 
know  what’s  inside.  Store  the  box  so  that  nothing  heavy  will  be  placed  on  top  of  it. 


4 

CHAPTER 

Experimenting  with 
light  an  d  optics 

Laser  radiation  is  light,  and  with  few  exceptions,  all  light  behaves  the  same  way.  One 
of  the  best  ways  to  learn  about  lasers  and  optics — without  having  to  bother  with  the 
cost  of  laser  equipment  or  the  sundry  safety  precautions  is  to  construct  a  high-in- 
tensity  simulated  laser.  The  simulated  laser  described  in  this  chapter  emits  a  power¬ 
ful  beam  of  visible  light  that  can  be  focused,  directed,  and  controlled  in  much  the 
same  way  as  real  laser  light. 

The  parts  for  the  simulated  laser,  or  “simulaser,”  are  affordable  and  easy  to  find, 
and  because  you  are  not  dealing  with  real  laser  light,  there  is  no  worry  of  acciden¬ 
tally  exposing  your  eyes  to  potentially  harmful  radiation.  The  light  from  the  simu¬ 
laser  is  bright,  but  it  is  no  more  damaging  to  your  eyes  than  a  momentary  glint  of 
sunlight  from  a  car  mirror. 

High-output  LEDs 

The  simulaser  is  designed  around  a  high-intensity  visible  light-emitting  diode.  These  ex¬ 
ceptionally  bright  LEDs  are  enormously  efficient,  emitting  several  hundred — and  some¬ 
times  several  thousand — times  the  light  of  ordinary  LEDs.  Visible  LEDs  are  rated  by 
their  millicandela  output.  One  millicandela  is  equal  to  one  thousandth  of  a  standard  can¬ 
dle,  a  common  measurement  of  light  intensity.  Typical  undiffused  red  LEDs  produce 
from  5  to  20  millicandelas  (mcd);  diffused  LEDs  emit  even  less,  often  under  2  mcd. 

High-output  LEDs,  usually  referred  to  as  “Super  Brights”  or  “Kilo  Brights,”  put 
out  300  mcd  or  more.  Such  LEDs  are  routinely  available  at  Radio  Shack  and  other 
hobbyist  electronics  outlets.  You  can  use  a  300-mcd  LED  for  the  simulated  laser,  but 
you  can  achieve  better  results  with  a  component  rated  at  a  higher  value.  The  simu¬ 
lated  laser  project  detailed  in  this  chapter  uses  the  Stanley  Electric  Co.  H2,  which  is 
a  2000-mcd  LED.  This  LED,  or  one  like  it,  is  available  from  a  number  of  industrial 
electronics  outlets  and  from  several  sources  listed  in  Appendix  A.  Look  in  the  Yellow 
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Pages  under  “electronics”  and  call  around.  Some  outlets  don’t  sell  on  a  retail  level,  but 
you  might  have  luck  striking  a  deal  if  you  are  a  part  of  a  group  or  school.  The  remain¬ 
ing  parts  used  in  the  project  are  commonly  available  from  new  and  surplus  dealers. 

The  output  of  LEDs  increase  linearly  as  you  increase  current.  The  H2  is  rated  at 
2000  mcd  when  powered  with  a  current  of  20  mA.  The  output  is  roughly  doubled — 
4000  mcd — when  the  LED  is  biased  with  a  current  of  40  mA. 

Although  some  high-output  LEDs  can  function  with  currents  as  high  as  50  mA,  I 
found  that  this  much  juice  heated  up  and  burned  out  several  of  the  sample  H2  LEDs 
I  had.  To  be  on  the  safe  side,  don’t  operate  any  high-output  LED  above  45  mA,  un¬ 
less  the  manufacturer’s  literature  says  otherwise.  As  you  might  expect,  high-output 
LEDs  are  more  expensive  than  their  standard  cousins.  Typical  prices  are  $2  to  $4  for 
a  2000-mcd  LED.  At  these  prices,  you  don’t  want  to  carelessly  burn  too  many  out. 

Measuring  LEDs’  light  outputs,  including  the  high-output  variety,  is  often  made 
with  an  integrating  sphere ,  a  device  that  measures  the  total  radiant  power  of  the 
component.  The  sphere  collects  light  emitted  in  all  directions,  including  the  off-axis 
radiation  that  spills  out  the  sides.  The  simulated  laser  project  detailed  here  focuses 
only  the  light  that  comes  out  the  top  of  the  LED;  no  reflector  is  used  to  collect  the 
off-axis  light.  You  can  increase  the  brightness  of  the  device  by  adding  a  penlight 
flashlight  reflector  behind  the  LED. 


Building  the  simulated  laser 

Follow  the  schematic  in  Fig.  4-1  for  wiring  the  high-output  LED.  The  parts  list  ap¬ 
pears  in  Table  4-1.  The  circuit  is  simple  and  runs  off  a  single  9-volt  transistor  battery. 
The  switch  is  a  miniature  single-pole,  single-throw  (SPST)  type.  The  lens  I  used  for 
the  prototype  was  double-convex,  16  mm  in  diameter  by  34  mm  in  focal  length.  You 
can  use  a  lens  with  different  specifications,  but  you  should  avoid  a  lens  with  a  focal 
length  greater  than  about  35  mm.  A  longer  focal  length  means  that  you  must  provide 
more  space  between  the  lens  and  the  LED.  The  project  box  specified  in  the  parts  list 
is  just  long  enough  to  accommodate  the  focal  distance  between  the  LED  and  the  lens. 
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4-1 

The  basic  schematic  for  the 
simulaser.  With  the  supply 
voltage  and  resistor  shown, 
forward  current  through  the 
LED  is  approximately  34  mA. 
You  can  safely  increase  the 
forward  current  to  about  45  mA 
by  reducing  R1  to  165  ohms 
(150  ohm  and  15  ohm  resistors 
in  series) . 
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Table  4-1.  Simulaser  parts  list 


R1  220-D  resistor 

LED1  High-output  light- emitting  diode  (see  text) 

SI  SPST  miniature  switch 

1  ea  9-volt  battery,  battery  clip,  project  box  (314  by  2%  by  VA  inches),  16  mm  diameter, 

34-mm  focal  length  positive  double-convex  lens. 

All  resistors  are  5-  to  10-percent  tolerance,  '/-watt. 


Mount  the  components  as  shown  in  a  small  project  box.  Everything  fits  in  a  com¬ 
pact  box  measuring  3Z  by  214  by  114"  (available  at  Radio  Shack).  Drill  a  14"  hole  in  one 
end  of  the  box,  and  countersink  it  lightly  to  conform  to  the  rounded  shape  of  the 
lens.  Use  a  general-purpose  glue  (such  as  Duco  cement)  to  carefully  tack  the  edges 
of  the  lens  to  the  outside  wall  of  the  box.  Use  a  toothpick  to  apply  small  drops  of  glue 
to  the  edge  of  the  lens. 

Mount  the  LED  and  current-limiting  resistor  on  a  small  piece  of  perf  board  and 
attach  a  metal  or  plastic  angle  bracket  to  the  back  of  the  board.  Suitable  brackets  are 
available  at  hobby  stores  that  specialize  in  radio-control  model  airplanes.  Cost  is  un¬ 
der  $1  for  a  set  of  four  or  five  brackets.  You  can  also  salvage  the  bracket  from  an 
Erector  Set  toy  kit. 

Measure  the  diameter  of  the  switch  shaft  and  drill  a  hole  accordingly  in  the  top 
of  the  box.  Wire  the  snap-on  battery  cap,  switch,  and  circuit  board  and  turn  the 
switch  on.  The  LED  should  glow  a  bright  red  (some  high-output  LEDs  emit  red- 
orange  light).  If  all  checks  out,  point  the  box  toward  a  light-colored  wall  (no  more 
than  a  couple  feet  away),  and  place  the  circuit  board  inside.  Aim  the  LED  at  the  lens 
and  adjust  its  position  and  distance  until  the  spot  on  the  wall  is  bright  and  well- 
defined.  Mark  the  location  on  the  side  of  the  box  with  a  pencil,  then  check  for  proper 
focal  length  by  measuring  the  LED-to-lens  distance.  It  should  be  very  close  to  the 
rated  focal  length  of  the  lens. 

With  the  proper  mounting  position  marked  off,  use  a  #19  bit  to  drill  a  hole  in  the 
side  of  the  box  and  mount  the  circuit  board  using  %> "-X-/4"  hardware  (available  from 
a  hardware  store  or  Erector  Set).  The  simulaser,  mounted  in  its  box  with  all  compo¬ 
nents,  is  shown  in  Fig.  4-2. 

Place  the  cover  on  the  box  and  flick  on  the  power  switch.  Point  the  simulaser  at 
a  wall  and  watch  for  a  bright  red  spot.  Notice  that  the  beam  spreads  out  considerably 
when  the  wall  is  more  than  4'  or  5'  away.  This  is  caused  by  the  wide  divergence  of  the 
beam — even  when  optics  are  used.  Later  in  this  chapter  you’ll  see  how  to  add  more 
lenses  to  control  the  size  of  the  beam,  or  even  focus  it  to  a  bright,  pin-point  spot. 


Beam  collimation 

Depending  on  the  exact  distance  between  the  lens  and  wall,  the  spot  from  the  simu¬ 
laser  beam  should  have  a  bright  center,  with  concentric  light/dark  rings  around  it. 
This  “ring”  effect  is  caused  by  the  internal  construction  of  the  LED.  Place  the  simu- 
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4-2  The  simulaser  with  cover  removed,  showing  the  arrangement  of  the  components. 


laser  a  few  inches  from  the  wall  and  you  can  see  the  chip  inside  the  LED,  along  with 
a  dark  spot  and  line  that  denotes  the  contact  wire  stretching  from  anode  to  cathode. 
You  will  also  see  shadows  from  the  glue  placed  at  the  edge  of  the  lens. 

In  a  dark  room,  place  the  simulaser  on  a  table  and  aim  the  beam  at  a  solar  cell. 
Be  sure  that  all  of  the  spot  falls  on  the  surface  of  the  cell.  Connect  a  meter  to  the  cell 
as  shown  in  Fig.  4-3  and  measure  the  output.  Now  change  the  distance  between  the 
simulaser  and  the  cell. 


4-3 

How  to  detect  and 
measure  the  light  level 
using  a  silicon  solar  cell. 
Potentiometer  R1  allows 
you  to  adjust  the 
sensitivity  of  the  cell. 


Meter 

(set  on  mV  range) 
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Notice  that  as  you  increase  the  distance  by  a  factor  of  two,  the  reading  on  the 
meter  falls  off  roughly  by  50%.  This  is  caused  by  the  inverse-square  law,  familiar  to 
photographers.  The  inverse-square  law  states  that  for  every  doubling  in  the  distance 
between  a  light  source  and  subject,  the  intensity  of  the  light  falling  on  the  subject  de¬ 
creases  by  50%. 


Table  4-2. 

Parts  list  for  light 
intensity  measurements 


R1  IK  potentiometer 

D1  Silicon  solar  cell 

Volt  ohmmeter 


What  causes  this  phenomenon?  At  first  glance,  it  might  appear  that  the  light 
loses  its  energy  the  farther  it  travels.  But  this  can’t  be  the  answer,  because  energy 
can  never  be  lost,  just  transformed  into  something  else.  The  reason  behind  the  ap¬ 
parent  weakening  in  the  light  intensity  is  caused  by  the  spread — or  divergence — of 
light.  Physical  law  dictates  that  as  light  propagates  through  a  vacuum  or  any 
medium,  the  light  waves  must  spread  transversely,  making  it  impossible  to  have  a 
perfectly  collimated  (parallel)  beam. 

Light  from  the  simulaser,  though  focused  by  a  lens,  spreads  out  as  it  travels 
through  air  or  space.  The  amount  of  spreading  is  measured  using  the  metric  radians 
or  milliradians  (thousandths  of  a  radian).  One  milliradian  is  equal  to: 

•  0.057296  degrees 

•  3.438  minutes 

•  206.265  seconds  of  arc 

The  simulaser  uses  a  simple  lens  to  focus  the  light  from  the  LED,  so  the  diver¬ 
gence  is  wide,  on  the  order  of  500  to  750  milliradians.  A  more-elaborate  lens  system 
with  two  or  more  lenses  can  decrease  the  divergence  so  the  light  is  held  in  a  tighter 
beam  of,  perhaps,  250  milliradians.  However,  no  matter  what  kind  of  optics  are  used, 
the  light  beam  eventually  suffuses  to  a  point  where  its  individual  photons  are  miles 
apart.  Notice  that  the  divergence  of  a  real  laser  is  extremely  small,  on  the  order  of  1 
to  5  milliradians — even  without  optics.  This  is  just  one  of  the  properties  of  lasers  that 
make  them  so  special. 

In  later  experiments  in  this  book,  you  will  find  that  the  inverse-square  law  does 
not  apply  to  most  lasers  when  used  at  close  distances.  The  light  beam  from  a  helium- 
neon  gas  laser,  for  example,  has  so  little  divergence  that  its  diameter  increases  an 
imperceptible  amount  at  close  ranges.  Only  after  traversing  several  hundred  meters 
does  the  diameter  of  the  beam  enlarge  to  appreciable  amounts. 

Optical  experiments 

The  double-convex  lens  mounted  on  the  case  of  the  simulaser  does  not  do  an  ade¬ 
quate  job  of  collimating  the  light  in  a  fine  beam.  A  second  lens,  positioned  in  front  of 
the  simulaser,  can  act  to  make  the  light  rays  more  parallel.  The  exact  distance  be¬ 
tween  the  two  lenses  is  a  function  of  the  type  of  lens  you  are  using  and  the  focal 
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Table  4-3.  Parts  list  for  simulaser  optics  experiments 


1  Simulaser 

1  16-mm  diameter,  124-mm  focal  length  positive  meniscus  lens 

1  17-mm  diameter,  70-mm  focal  length  bi-concave  lens 

1  30-mm  diameter,  55-mm  focal  length  piano  convex  lens 

1  2-by-2  inch  front-surface  mirror 

1  Plate  glass  beam  splitter  (approx.  1-by-l  inch);  Ke-  to  /4-inch  thick 
1  Polarizing  film 

1  Right-angle  prism 


lengths  of  both  lenses.  But  you  can  experiment  with  the  proper  spacing  by  adjusting 
the  distance  while  looking  at  the  spot  projected  on  a  nearby  wall. 

The  spot  should  be  well-defined,  focused,  and  smaller  than  the  spot  made  by 
just  the  simulaser  lens.  There  should  be  little  or  no  light  spilling  past  the  sides  of  the 
second  lens  (light  spill  is  normal  in  an  optical  device  and  is  usually  countered  by  the 
use  of  apertures  or  stops).  If  you  can’t  focus  the  beam  on  the  wall  without  a  lot  of 
light  spilling  past  it,  choose  a  larger-diameter  lens.  The  second  lens  used  in  the  pro¬ 
totype  was  a  16-mm  diameter,  124-mm  focal  length  positive  meniscus  placed  5%" 
(about  137  mm)  in  front  of  the  simulaser.  It  reduced  the  beam  divergence  by  about 
a  factor  of  two. 

You  can  temporarily  -fix  the  simulaser  and  lens  in  position  with  modeller’s  clay. 
Use  a  small  piece  of  wood  or  plastic  (about  12"  x  4")  and  build  up  the  clay  to  the 
proper  height.  Now  repeat  the  test  with  the  solar  cell.  Notice  that  the  simulaser  can 
be  moved  farther  away  without  a  drastic  loss  in  power.  Take  another  reading  without 
the  second  lens  and  compare  it  to  the  measurements  you  just  made. 

Focusing  light  to  a  point 

Light  from  the  simulaser  can  be  focused  to  a  sharp  point  by  using  two  additional  sup¬ 
plementary  lenses.  Remove  the  meniscus  lens  used  for  the  previous  experiment  and 
mount  a  17-mm  diameter,  70-mm  focal  length,  double-concave  lens  approximately 
two  inches  from  the  front  of  the  simulaser.  Use  clay  to  keep  it  in  place.  Position  a  30- 
mm  diameter,  55-mm  focal  length,  planoconvex  lens  6 V"  from  the  double-concave 
lens.  Adjust  the  position  of  the  lenses  so  that  their  optical  centers  are  aligned  and 
that  the  lens  faces  are  parallel  to  one  another. 

Place  a  sheet  of  white  paper  approximately  2%"  in  front  of  the  planoconvex  lens. 
What  happens?  The  light  is  focused  to  a  point  a  little  less  than  14"  diameter.  Move  the 
paper  closer  to  or  farther  away  from  the  lens  and  notice  that  the  spot  gets  larger.  A 
side  view  of  the  focused  beam  is  shown  in  Fig.  4-4.  The  beam  is  at  its  smallest  when 
the  paper  is  located  at  the  focal  point. 

The  double-concave  lens  acts  to  diverge  the  light  to  approximately  the  diameter 
of  the  planoconvex  lens.  This  beam  spreading  allows  most  or  all  of  the  surface  of  the 
planoconvex  lens  to  be  used  (and  hence  the  beam  is  more  subject  to  certain  aberra¬ 
tions).  You  can  test  the  effectiveness  of  the  double-concave  lens  by  removing  it  from 
the  light  path.  The  beam,  still  focused  in  front  of  the  planoconvex  lens,  is  enlarged  to 


Experimenting  with  light  and  optics  55 


simu  laser 


bi-concave 

lens 


plano-convex 

lens  Paper 


2" 


6  1/2" 
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4-4  Arrangement  of  simulaser  and  optics  for  demonstrating  the  focusing  if  light  into  a  point.  Ex¬ 
periment  with  the  distances  between  components  if  your  lenses  are  different  from  those  specified 
in  the  text. 


about  14".  Experiment  with  the  effects  of  different  lenses  placed  at  various  spots 
along  the  length  of  the  test  board. 

Using  mirrors 

Mirrors  allow  you  to  direct  the  beam  from  the  simulaser  in  any  direction  you  desire. 
Notice  that  a  flat  mirror  doesn’t  alter  divergence  or  convergence  of  a  beam.  A  con¬ 
verging  beam  of  light  still  converges  after  bouncing  off  a  mirror.  Concave  or  convex 
mirrors,  however,  act  as  reflective  lenses  and  spread  or  focus  the  light.  Concave  mir¬ 
rors  are  often  used  in  holography  to  provide  a  heavily  diverged  beam  in  order  to 
cover  a  large  area.  The  mirror  is  a  more  effective  diverger  than  a  lens. 

Place  a  2-by-2",  front-surface,  aluminized  mirror  in  the  path  of  the  light  beam, 
and  position  it  at  a  45°  angle.  The  light  should  now  bounce  off  the  mirror  and  be  per¬ 
pendicular  to  the  beam  of  the  simulaser.  Move  the  mirror  closer  to  the  focusing  lens 
and  position  the  paper  to  catch  the  light  reflected  off  the  mirror,  as  shown  in  Fig.  4-5. 
Notice  that  the  focal  length  between  the  focusing  lens  and  paper  is  the  same  whether 
or  not  the  mirror  is  in  place.  If  the  focal  length  is  approximately  2 the  same  dis¬ 
tance  will  be  covered  between  lens,  mirror,  and  paper. 

Using  beam  splitters 

Now  exchange  the  mirror  with  a  small  piece  of  plate  glass  (any  thickness  between  Ym" 
and  Y"  will  do).  When  positioned  at  a  45°  angle  to  the  simulaser,  the  glass  acts  as  a 
beam  splitter.  With  uncoated  glass,  approximately  10  to  15%  of  the  light  is  reflected 
off  the  first  surface  and  the  rest  is  transmitted  through  the  glass  (there  is  some  light 
loss  as  a  result  of  internal  reflections).  You  should  see  a  spot  in  front  of  the  simulaser 
and  another,  less  strong  one  to  the  right  or  left. 

Rotate  the  glass.  The  transmitted  beam  remains,  but  the  reflected  beam  will  spin 
in  an  arc  around  the  beam  splitter.  Use  the  solar  cell  to  measure  the  amount  of  light, 
reflected  from  the  glass.  The  amount  of  reflection  should  change  as  the  glass  is 
turned.  The  amount  of  reflectance  is  minimal  when  the  glass  is  positioned  between 
0  and  30°  to  the  simulaser,  but  it  begins  to  increase  dramatically  at  angles  greater 
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4-5  A  flat  mirror  does  not  alter  the  convergence  or  divergence  of  light  rays. 


than  40°.  At  90°  (glancing  angle),  reflection  is  almost  100%.  Be  sure  to  take  your 
readings  in  a  darkened  room. 

Light  reflecting  off  a  glass  medium  is  partially  polarized,  and  if  the  angle  is  just 
right,  one  plane  of  polarization  will  be  almost  extinguished.  Try  this  experiment. 
Place  a  piece  of  polarizing  film  in  front  of  the  simulaser.  Position  the  glass  plate  at 
about  55°  to  the  lens  of  the  simulaser.  Locate  the  solar  cell  so  that  it  collects  the  re¬ 
flected  light.  Now  slowly  rotate  the  polarizing  film.  See  any  change?  You  should.  If  you 
don’t,  change  the  angle  of  the  glass  a  small  amount  and  try  again.  The  light  should  be 
strongest  with  the  polarizer  in  one  position  and  weakest  when  it  is  rotated  90°. 

Future  chapters  deal  with  the  nature  of  polarized  light  in  more  detail,  but  it’s 
worth  describing  here  how  this  phenomenon  works.  Polarized  light  has  two  compo¬ 
nents,  typically  identified  as  p  and  s.  These  two  components  are  orthogonal  to  one 
another,  or  at  90°  angles. 

When  a  piece  of  glass  is  positioned  at  a  special  angle  called  Brewster’s  angle , 
the  p  component  vanishes,  and  only  the  s  component  remains.  Brewster’s  angle  for 
most  glass  is  56°  39'  (roughly  1  radian).  By  placing  a  polarizer  in  the  light  path,  you 
can  control  polarization  of  the  light.  Rotate  it  so  that  the  s  component  passes  and 
you  see  light  reflected  off  the  glass  (the  p  component  is  “absorbed”  by  the  glass,  so 
only  the  s  component  remains).  When  you  rotate  the  polarizer  so  that  the  s  compo¬ 
nent  is  blocked,  the  light  dims.  With  both  the  s  and  p  components  reduced  or  elimi¬ 
nated,  the  light  level  drops.. 

You  can  visually  see  the  dimming  effect  as  you  rotate  the  polarizer.  To  assure 
yourself  that  you  are  not  just  seeing  things,  use  the  solar  cell  to  make  a  graph  of  the 
light  output.  A  plastic  protractor  can  be  used  to  help  you  rotate  the  polarizer  in  even 
5°  or  10°  intervals. 

Using  prisms 

Most  people  think  of  prisms  as  rainbow  makers — glass  objects  that  break  up  sunlight 
into  its  component  colors.  Although  prisms  are  indeed  often  used  in  this  role  of  light 
dispersion,  they  also  find  great  application  as  re-directors  of  light.  Prisms  have  an 
advantage  over  mirrors,  in  that  because  they  are  made  of  thick  glass,  they  are  less 
susceptible  to  the  effects  of  stress  and  vibration.  The  reflective  surface  of  a  prism  is 
typically  inside  the  glass,  making  it  far  less  susceptible  to  scratches  and  blemishes. 
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Prisms  can  also  be  designed  with  unique  shapes  so  that  the  light  passing  through  it 
is  reflected  without  flipping  it  upside  down  or  sideways,  as  in  a  regular  mirror. 

A  right-angle  prism  is  used  to  deflect  light  at  a  90°  angle.  The  corner  opposite 
the  hypotenuse  forms  a  right  angle.  Usually,  but  not  always,  the  sides  opposite  of  the 
hypotenuse  are  the  same  length.  That  leaves  a  30°  and  60°  angle  for  the  other  two 
corners.  Shine  a  light  into  the  prism  through  one  face,  and  it  is  internally  reflected  at 
the  hypotenuse  and  then  exits  the  second  face. 

You  can  readily  experiment  with  a  right-angle  prism  by  placing  it  in  front  of  the 
simulaser.  You’ll  need  a  prism  that  is  at  least  25  mm  wide  with  faces  25  mm  to  30  mm 
long.  Glass  and  plastic  prisms  of  this  size  (and  larger)  are  available  on  the  new  and 
surplus  markets  for  under  $10.  Optical  quality  for  these  less  expensive  prisms  might 
not  be  high,  but  prime  optics  are  not  required  for  these  experiments. 

Position  the  prism  so  that  the  light  enters  one  face  and  is  bounced  off  the  hy¬ 
potenuse  at  a  90°  angle.  If  the  room  lights  are  low,  you  might  be  able  to  see  the  beam 
in  the  prism  reflecting  off  the  hypotenuse  and  exiting  the  glass. 
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CHAPTER 

All  about 

heliu  m-neon  lasers 


The  helium-neon  tube  is  the  staple  of  the  laser  experimenter.  He-Ne  tubes  are  in 
plentiful  supply,  including  in  the  surplus  market.  They  emit  a  bright,  deep  red  glow 
that  can  be  seen  for  miles  around.  Although  the  power  output  of  He-Ne  tubes  is  rel¬ 
atively  small  compared  to  other  laser  systems — such  as  CO2,  argon,  and  ruby — the 
helium-neon  laser  is  perfectly  suited  for  most  any  laser  experiment.  Its  moderate 
power  supply  requirements  coupled  with  its  slim,  coherent  beam  lend  the  He-Ne 
laser  to  inexpensive  projects  in  holography,  interferometry,  surveying,  light-wave 
communications,  and  much  more. 

In  this  chapter,  you’ll  learn  all  about  helium-neon  lasers:  what  they  are,  how  they 
work,  and  what  you  need  to  put  a  complete  system  together.  In  Chapter  6,  you’ll 
learn  how  to  place  a  bare  He-Ne  laser  tube  in  an  enclosure  to  make  it  easier  to  use, 
along  with  plans  on  building  a  He-Ne  laser  experimenter’s  system.  With  the  experi¬ 
menter’s  system,  you’ll  be  able  to  perform  numerous  optical  experiments  with  your 
helium-neon  laser. 

Anatomy  of  a  He-Ne  laser  tube 

The  helium-neon  laser  is  a  glass  vessel  filled  with  10  parts  helium  with  1  part  neon 
and  is  pressurized  to  about  1  mm/Hg  (exact  gas  pressure  and  ratios  vary  from  one 
laser  manufacturer  to  another).  Electrodes  placed  at  the  ends  of  the  tube  provide  a 
means  to  electrify  (ionize)  the  gas,  thereby  exciting  the  helium  and  neon  atoms.  Mir¬ 
rors  mounted  at  either  end  form  an  optical  resonator.  In  most  He-Ne  tubes,  one 
mirror  is  totally  reflective  and  the  other  is  partially  reflective.  The  partially  reflective 
mirror  is  the  output  of  the  tube. 

The  first  helium-neon  tubes  were  large  and  ungainly  and  required  external  cool¬ 
ing  by  water  or  forced  air.  The  modern  He-Ne  tubes,  such  as  the  one  in  Fig.  5-1,  are 
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5-1  A  bare  helium-neon  laser  tube.  This  one  measures  about  1%-inches  in  diameter  by  12 
inches  in  length. 


about  the  size  of  a  cucumber  and  are  cooled  by  the  surrounding  air.  The  length  and  di¬ 
ameter  of  He-Ne  tubes  varies  with  their  power  output,  as  detailed  later  in  this  chapter. 

Most  helium-neon  laser  tubes  are  composed  of  few  parts,  all  fused  together  during 
manufacture.  Only  the  very  old  He-Ne  tubes,  or  those  used  for  special  laboratory  ex¬ 
periments,  use  external  mirrors.  The  all-in-one  design  of  the  typical  He-Ne  tube  means 
they  cost  less  to  manufacture  and  the  mirrors  are  not  as  prone  to  misalignment. 

Helium-neon  lasers  are  actually  composed  of  two  tubes:  an  outer  vacuum  (or 
plasma)  tube  that  contains  the  gas,  and  a  shorter  and  smaller  inner  bore  or  capillary, 
where  the  lasing  action  takes  place.  The  bore  is  attached  to  only  one  end  of  the  tube. 
The  loose  end  is  the  output  and  faces  the  partially  reflective  mirror.  The  bore  is  held 
concentric  by  a  metal  element  called  the  spider.  The  inner  diameter  of  the  bore 
largely  determines  the  diameter  width  of  the  beam,  which  is  usually  0.6  to  1  mm. 

The  ends,  where  the  mirrors  are  mounted,  typically  serve  as  the  anode  ( posi¬ 
tive )  and  cathode  (negative)  terminals.  On  other  lasers,  the  terminals  are  mounted 
on  the  same  end  of  the  tube.  A  strip  of  metal  or  wire  extends  the  cathode  (some¬ 
times  the  anode)  to  the  other  end. 

Metal  rings  with  hex  screws  are  often  placed  on  the  mirror  mounts  as  a  means  to 
tweak  the  alignment  of  the  mirrors.  Unless  you  suspect  that  the  mirrors  are  out  of 
alignment,  you  should  not  attempt  to  adjust  the  rings.  They  have  been  adjusted  at 
the  factory  for  maximum  beam  output,  and  tweaking  them  unnecessarily  can  seri¬ 
ously  degrade  the  performance  of  the  laser. 

The  partially  silvered  mirror,  where  the  laser  beam  comes  out,  can  be  on  either 
the  anode  or  cathode  end.  I  found  that  on  the  many  tubes  I’ve  tested,  the  beam  ex¬ 
tends  out  the  cathode  end.  Many  manufacturers  prefer  this  arrangement,  claiming  it 
is  safer  and  provides  more  flexibility.  You  can  usually  see  the  output  mirror  by  hold¬ 
ing  it  against  a  light.  You  should  see  the  blue  tint  of  the  anti-reflective  coating.  The 
totally  reflective  mirror  generally  is  not  treated  with  an  AR  coating.  A  cut-away  view 
of  a  laser  tube  with  all  the  various  components  is  shown  in  Fig.  5-2. 


All  about  helium-neon  lasers  61 


5-2  A  cross-sectional  view  of  a  typical  He-Ne  laser  tube,  with  component  parts  indicated.  The  arrangement 
and  style  of  your  laser  tube  might  be  slightly  different. 


The  facing  mirrors  of  the  He-Ne  tube  comprise  what  is  commonly  referred  to  as 
a  Fabry-Perot  interferometer  or  resonator.  With  the  mirrors  aligned  plane  paral¬ 
lel  to  one  another,  as  shown  in  Fig.  5-3,  the  light  bounces  back  and  forth  until  the 
beam  achieves  sufficient  power  to  pass  through  the  partially  reflected  output  mirror. 
In  practice,  the  plane-parallel  resonator  is  seldom  if  ever  used  because  it  is  unstable 
and  suffers  from  large  losses  from  diffraction. 
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5-3  Three  ways  to  implement  the  optical  cavity  in  a  laser,  plane  paral¬ 
lel,  confocal,  and  hemispherical.  Most  laser  tubes  use  the  latter 
method,  or  a  derivative  of  it. 


A  confocal  resonator  uses  two  concave  spherical  mirrors  of  equal  radius,  each 
placed  at  the  center  of  curvature  of  the  other.  The  cavity  uses  a  large  portion  of  the 
gas  volume  and  produces  high  power,  but  the  mirror  adjustment  is  relatively  critical. 
Yet  another  approach  is  the  hemispherical  resonator ,'  which  is  primarily  a  plane 
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mirror  coupled  with  a  spherical  mirror.  This  type  of  resonator  is  very  stable  and  easy 
to  align,  but  its  design  wastes  plasma  volume,  so  the  laser  power  output  is  reduced. 

The  exact  configuration  of  the  resonator  mirrors  in  a  laser  is  not  a  major  consid¬ 
eration  to  the  hobbyist  experimenter.  You’ll  have  little  choice  of  the  engineering  of 
the  tube  when  buying  parts  through  surplus  outlets.  However,  you  might  have  a 
choice  if  you  buy  your  tubes  new  or  if  you  purchase  a  particular  type  of  tube  for  a 
special  application. 

Laser  varieties 

He-Ne  lasers  are  available  in  three  forms:  bare,  cylindrical  head,  or  self-contained. 
Bare  tubes  are  just  that — the  plasma  tube  is  not  shielded  by  any  type  of  housing  and 
should  be  placed  inside  a  tube  or  box  for  protection.  Cylindrical  head  lasers  (or  just 
“laser  heads”)  are  housed  inside  an  aluminum  tube.  Leads  for  power  come  out  one  end 
of  the  laser.  The  opposite  end  might  have  a  hole  for  the  exiting  beam  or  be  equipped 
with  a  safety  shutter.  The  shutter  prevents  accidental  exposure  to  the  beam.  Both  the 
bare  tube  and  cylindrical  head  laser  require  an  external  high-voltage  power  supply. 
Self-contained  (or  lab)  lasers  contain  both  a  laser  tube  and  a  high-voltage  power  sup¬ 
ply.  To  use  the  laser,  you  simply  plug  it  into  a  wall  socket  and  turn  on  the  switch. 

Each  form  of  laser  has  its  own  advantages  and  disadvantages: 

•  Bare  tubes  are  ideal  for  making  your  own  self-contained  laser  projects,  such 
as  laser  pistols  and  rifle  scopes,  and  fit  in  confined  spaces.  But  because  the 
tube  and  high-voltage  terminals  are  exposed,  they  are  more  dangerous  to 
work  with.  You  must  be  considerably  cautious  when  working  with  bare  tubes 
to  avoid  electrocution  and  injury  from  broken  glass. 

•  Cylindrical  head  lasers  are  easy  to  use  because  the  tube  is  protected  and  the 
high-voltage  terminals  are  not  exposed  (but  care  must  still  be  exercised  to 
avoid  shock  from  power  applied  to  the  leads).  Laser  heads  are  ideal  for 
optical  benches  and  holography  (with  the  right  type  of  mount).  On  the  down 
side,  the  tubes  tend  to  be  large  and  are  not  easily  mounted  for  use  in  hand¬ 
held  devices. 

•  Self-contained  lasers  are  designed  to  provide  protection  against  tube 
breakage  and  high-voltage  electrocution.  They  are  often  used  in  schools  and 
labs  where  they  can  be  easily  set  up  for  optical  experiments.  The  built-in 
power  supply  operates  from  a  wall  socket,  however,  so  the  laser  cannot  be 
used  where  117-Vac  current  is  not  available.  Also,  the  bulk  of  the  self- 
contained  laser  prohibits  it  from  being  used  in  hand-held  devices. 

The  power  supply 

Owning  a  plasma  tube  doesn’t  mean  you  have  a  laser.  The  tube  is  only  half  the  story; 
just  as  important  is  the  power  supply.  You  also  need  electricity  for  the  power  supply, 
either  directly  from  a  117-Vac  wall  socket  or  a  12-Vdc  battery.  Power  supplies  for 
lasers  generate  a  great  deal  of  volts  but  relatively  few  milliamps.  The  typical  power 
supply  generates  from  1200  to  3000  volts  at  3.5  to  7  mA.  Generally,  the  larger  the 
tube  (and  the  higher  the  power  output),  the  more  “juice”  it  requires. 
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You  have  a  number  of  choices  for  the  power  supply: 

•  Commercially -made  laser  supply — either  ac  or  dc  operated  These  are 
the  easiest  to  use  and  often  come  completely  sealed  as  a  precautionary 
measure.  A  common  type  of  ac-operated  commercially  made  He-Ne  power 
supply  is  shown  in  Fig.  5-4.  Cost  on  the  retail  market  is  about  $225;  surplus 
is  between  $50  and  $100.  A  high-voltage  Alden  connector  (see  the  end  of  the 
chapter)  is  common  on  cylindrical  head  lasers.  The  female  connector  on  the 
power  supply  matches  with  the  male  connector  on  the  laser. 

•  Home-built  power  supply  kit  Low-current  power  supplies  can  be  built  in 
your  shop,  but  they  require  some  specialized,  hard-to-find  parts.  Building  your 
own  supply  saves  money  and  helps  teach  you  about  laser  power  requirements. 
Cost:  $10  to  $25  for  parts;  prepackaged  kinds  of  parts  and  circuit  board 
(available  from  some  sources  listed  in  Appendix  A)  cost  $30  to  $150. 

•  Salvaged  high-voltage  TV  flyback  transformer  or  module  power  supply 
Many  compact  TVs  use  a  self-contained  flyback  transformer  that  operates 
from  12  to  24  Vdc.  The  transformer,  intended  as  the  high-voltage  source  for 
the  picture  tube,  generates  up  to  15  kV  at  a  few  milliamps.  The  modules  are 
cheap  ($10  to  $20  on  the  surplus  market)  but  their  low  current  output 
makes  them  suitable  only  for  small  tubes. 


5-4  The  latest  commercially  made  He-Ne  power  supplies  are  available  in  convenient  sealed 
packages,  such  as  the  one  shown  in  the  photograph.  This  power  supply  is  about  the  size  of  a 
peanut  butter  sandwich. 
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If  you  are  just  starting  out  with  lasers,  your  first  power  supply  should  be  a  com¬ 
mercially  made  and  tested  unit,  preferably  new  and  not  a  take-out  from  existing 
equipment.  Armed  with  a  tube  and  ready-to-go  supply,  you’ll  be  able  to  start  experi¬ 
menting  with  the  laser  the  moment  you  get  it  home.  Then,  as  you  gain  experience,  you 
might  want  to  build  one  or  two  supplies  as  extras  or  to  power  the  various  tubes  you 
are  bound  to  acquire.  Chapter  11  presents  several  power-supply  circuits  that  you  can 
use  to  power  tubes  with  outputs  from  1  to  about  5  mW. 

Inside  a  power  supply 

Although  the  exact  design  of  He-Ne  power  supplies  varies,  the  principle  is  generally 
the  same.  He-Ne  power  supplies  are  familiar  to  anyone  who  has  dabbled  in  high-volt¬ 
age  circuits,  such  as  those  required  for  amateur  radio. 

Here’s  how  a  typical  power  supply  works.  An  input  voltage  (for  example,  110 
volts)  is  applied  to  an  oscillator  circuit,  such  as  a  simple  transistor,  resistor,  and  ca¬ 
pacitor.  The  values  of  the  resistor  and  capacitor  determine  the  time  constant  of  the 
oscillator  circuit.  The  oscillating  input  is  fed  to  the  windings  of  a  step-up  trans¬ 
former.  The  voltage  is  stepped  up  to  somewhere  between  300  to  1000  volts  by  the 
transformer  and  then  passed  through  a  series  of  high-voltage  diodes  and  capacitors. 
These  components  rectify  and  multiply  the  voltage  presented  by  the  transformer. 
Depending  on  the  number  of  capacitors  and  diodes  used,  the  voltage  multiplier  dou¬ 
bles,  triples,  or  quadruples  the  potential. 

Power  supplies  that  operate  from  117  Vac  usually  don’t  need  the  front-end  os¬ 
cillator  circuit  because  the  “juice”  is  already  in  the  alternating  current  format  re¬ 
quired  by  the  transformer  (most  transformers  can’t  pass  dc  current).  The 
transformer  steps  up  the  voltage  to  anywhere  between  300  and  about  2000  volts.  If 
the  output  voltage  is  high  enough,  voltage  multiplication  by  means  of  diodes  and  ca¬ 
pacitors  is  not  required,  but  the  ac  component  is  removed  by  one  or  more  diodes. 

Some  of  the  more  advanced  power-supply  circuits  use  a  separate  6-  to  10-kV 
trigger  transformer  to  initially  start  or  “ignite”  the  laser.  The  trigger  transformer, 
similar  to  the  kind  used  in  photoflash  equipment,  fires  only  when  the  tube  first  turns 
on  (but  might  continue  firing  if  the  tube  doesn’t  ignite).  A  circuit  in  the  power  sup¬ 
ply  senses  when  the  laser  starts  to  draw  current  (indicating  that  it  has  started),  and 
shuts  the  trigger  transformer  off.  A  silicon-controlled  rectifier  (SCR)  serves  as  the 
switch  to  turn  the  trigger  transformer  on  and  off. 

High-voltage  triggering  is  not  required  for  all  tubes,  especially  those  under  2  to 
3  mW,  but  it  is  usually  needed  with  higher-output  types.  If  your  tube  is  hard  to 
start — either  refusing  to  ignite  at  all  or  just  flickering — you  might  need  to  use  a  sup¬ 
ply  that  has  a  high-voltage  trigger  or  at  least  one  that  supplies  extra  current.  Most  all 
commercially  made  supplies  have  a  built-in  trigger  transformer  (or  something  equiv¬ 
alent),  but  home-brew  supply  circuits  generally  do  not. 

Using  a  high-powered  laser  with  a  power  supply  that  can’t  deliver  the  required 
current  might  actually  damage  the  supply.  Table  5-1  lists  the  average  voltage  and 
current  requirements  for  a  variety  of  tubes.  The  tubes  are  rated  by  their  output  only, 
so  the  chart  should  be  used  only  for  estimating  power  requirements.  Many  other  fac¬ 
tors,  such  as  polarization  of  the  beam  and  operating  mode,  can  affect  the  power  out¬ 
put  and  change  the  voltage  and  current  requirements.  Obtain  descriptive  literature 
from  the  seller  of  the  laser  tube  if  you  need  more  precise  information. 
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Table  5-1.  Voltage/current  levels  for  typical  He-Ne  tubes 


Power 


output 

Dimensions 

Voltage  w/ballast 

Tube  voltage 

Typ.  current 

0.5  mW 

5.00/1.00 

1250 

900 

3.5  mA 

0.5  mW 

6.00/1.12 

1390 

1050 

4.5  mA 

1.0  mW 

8.90/1.12 

1890 

1400 

5.0  mA 

2.0  mW 

8.90/1.45 

1890 

1400 

5.6  mA 

2.0  mW 

10.60/1.45 

1990 

1500 

6.5  mA 

5.0  mW 

13.80/1.45 

2390 

1900 

6.5  mA 

7.0  mW 

16.15/1.45 

2930 

2400 

7.0  mA 

Notes: 

•  Dimensions  in  inches  length  by  diameter 

•  Tube  voltage  is  without  ballast  resistor 

•  Current  rating  is  recommended  maximum;  many  tubes  will  fire  and  lase  at  currents  20-30  percent  less 

•  Note  higher  current  and  voltage  requirements  for  larger  tubes  in  same  power  output  class 


Notice  that  most  He-Ne  tubes  can  be  safely  operated  over  a  range  of  currents. 
Manufacturer’s  specifications  usually  list  the  recommended  operating  current  for  op¬ 
timum  performance.  You  can  often  safely  increase  or  decrease  the  current  slightly,  for 
example,  to  produce  a  more  powerful  beam  or  to  conserve  battery  power.  Unless  the 
specifications  state  otherwise,  you  should  not  exceed  7  to  8  mA  of  operating  current. 

A  warning  about  high-voltage  power  supplies 

You’ve  undoubtedly  read  this  before  in  this  book,  but  the  warning  can’t  be  stressed 
enough:  beware  of  high-voltage  power  supplies.  Never  touch  the  output  terminals 
of  the  supply  when  it  is  on  or  you  might  receive  a  bad  shock.  Turn  the  supply  off  and 
unplug  it  before  working  with  the  laser. 

The  capacitors  in  the  voltage  multiplier  section  of  the  supply  can  retain  current 
even  when  the  system  is  turned  off.  Before  touching  the  tube  or  power  supply,  short 
the  anode  and  cathode  terminals  together.  If  you  can’t  easily  bring  them  together, 
keep  a  heavy-duty  alligator-clip  test  cable  handy.  String  it  across  the  anode  and  cath¬ 
ode  and  short  the  leads. 

The  laser  tube  itself  can  also  retain  current  after  power  has  been  removed.  Al¬ 
ways  short  out  the  anode  and  cathode  terminals  of  the  laser  before  handling  the 
tube.  Cylindrical  head  lasers  with  a  male  Alden  connector  can  be  discharged  by 
touching  the  prongs  of  the  connector  against  the  metal  body  of  the  laser. 


Power  output 

The  greatest  difference  among  helium-neon  laser  tubes  is  power  output.  There  are 
some  He-Ne  tubes  designed  to  put  out  as  little  as  0.5  mW  of  power,  and  others  gen¬ 
erate  10  mW  or  more  of  light  energy.  The  difference  in  power  output  is  not  always 
visible  to  your  eye  because  the  spot  made  by  a  laser  beam  is  brighter  than  your  eye 
can  register. 
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By  far,  the  majority  of  helium-neon  tubes  are  rated  at  1  to  2  mW.  This  is  adequate 
for  most  laser  experiments  and  you  rarely  need  more.  In  fact,  lower  power  lasers  are 
often  easier  to  work  with  because  the  power  supply  requirements  are  not  as  strin¬ 
gent.  You  can  get  by  with  a  smaller,  lighter- weight  power  supply  with  a  1-  to  2-mW 
tube.  The  higher  power  comes  in  handy,  however,  if  you  are  engaged  in  holography 
(the  more  power,  the  faster  the  exposure),  outdoor  surveying,  and  other  applica¬ 
tions  where  a  bright  beam  is  necessary. 

Cylindrical  head  lasers,  generally  designed  for  use  in  telecopier's,  laser  facsimile 
machines,  and  supermarket  bar  code  scanners,  are  generally  engineered  for  high 
output.  Most  tubes  in  this  class  are  rated  at  5  to  8  mW,  though  a  few — such  as  those 
made  for  laser  facsimile  devices — generate  in  excess  of  10  mW.  If  you  need  lots  of 
power,  check  these  out.  Just  be  sure  that  the  power  supply  delivers  sufficient  cur¬ 
rent  and  voltage  to  the  tube. 

Remember  that  power  output  varies  with  tube  age.  A  tube  that  originally  pro¬ 
duces  2  mW  when  new  might  only  generate  1.5  mW  after  several  thousand  hours  of 
use.  Careless  handling  also  reduces  the  power  output.  Every  shock  or  jolt  might 
tweak  the  mirrors  out  of  alignment,  which  reduces  the  power  output.  If  the  laser  is 
abused,  as  is  often  the  case  in  industrial  or  commercial  applications,  the  mirrors 
might  become  so  out  of  whack  that  the  tube  no  longer  generates  a  beam. 

The  loss  of  output  power  is  important  to  remember  when  buying  used  or  surplus 
tubes.  Even  though  the  tube  might  have  been  rated  at  2  mW,  there  is  no  guarantee 
that  it’s  still  providing  that  much  power.  You  can  readily  measure  the  power  output 
of  a  laser  if  you  use  a  calibrated  power  meter. 

Physical  size 

Helium-neon  laser  tubes  come  in  a  variety  of  sizes,  depending  on  power  output.  Most 
are  about  1  to  1  /"  in  diameter  by  5  to  10"  long.  Some  very  small  tubes  are  designed 
for  use  in  hand-held  bar  code  readers  and  generate  less  than  0.5  mW.  Such  “pee- 
wee”  tubes  are  available  from  a  few  surplus  sources  and  are  fun  to  play  with,  but  they 
are  extremely  fragile.  They  can  be  permanently  damaged  by  even  a  moderate  jolt. 

Few  He-Ne  lasers  put  out  more  than  10  to  15  mW.  These  tend  to  be  the  largest 
and  are  usually  enclosed  in  a  cylindrical  head.  The  tube  might  measure  about  1.5"  in 
diameter  and  13"  long;  the  entire  enclosure  is  1.75"  in  diameter  by  15"  in  length.  A 
typical  aluminum-housed  laser  head  is  shown  in  Fig.  5-5. 

Self-contained  lab  lasers  can  be  most  any  size  depending  on  the  power  output. 
Average  size  is  approximately  24"  x  4"  x  3"  (LWH). 

Beam  characteristics 

The  beam  emitted  from  most  helium-neon  tubes  doesn’t  vary  much  between  laser  to 
laser.  Except  in  special  cases,  the  light  has  a  wavelength  of  632.8  rim,  and  can  mea¬ 
sure  between  0.5  to  2  mm  in  diameter.  The  diameter  (or  waist)  of  the  laser  beam  is 
measured  in  a  variety  of  ways  and  under  different  operating  modes  of  the  laser; 
hence  the  wide  disparity  in  sizes.  The  diameter  is  less  than  the  actual  side-to-side 
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5-5  A  typical  cylindrical  laser  head,  removed  from  a  laser  printer.  Laser  heads  such  as  these 
are  common  finds  in  the  surplus  market. 


measurement  of  the  laser  beam.  Most  manufacturers  eliminate  the  outer  13.5%  of 
the  beam  diameter,  leaving  the  bright  inside  core. 

As  background,  single-mode  operation  (sometimes  called  TEMoo  mode')  of  the 
laser  produces  a  solid  beam  from  side  to  side  (looking  from  head-on).  Multi-mode 
operation,  which  provides  higher  output  power,  causes  the  beam  to  separate  into 
bands,  as  shown  in  Fig.  5-6.  Notice  that  most  He-Ne  tubes  work  in  TEM0o  mode  only 
and  the  tube  must  be  specially  built  to  operate  in  multi-mode. 

In  TEMoo  mode,  the  round  beam  of  a  laser  has  a  plane  wavefront  and  a  Gaussian 
transverse  irradiance  profile.  This  mode  experiences  the  minimum  possible  diffrac¬ 
tion  loss,  has  minimum  divergence,  and  can  be  focused  to  the  smallest  possible  spot. 

The  plane  wavefront,  as  illustrated  in  Fig.  5-7,  is  a  natural  by-product  of  spatial 
coherence.  All  the  waves  in  the  beam  are  in  lock-step,  as  if  it  were  one  big  wave.  The 
locking  is  constant  across  the  diameter  of  the  beam.  This  is  in  contrast  to  a  circular 
wavefront,  also  shown  in  the  figure,  where  the  waves  toward  the  outside  radius  of 
the  beam  are  slightly  behind  the  center  waves.  Notice  that  you  can  easily  convert  the 
plane  wavefront  of  laser  light  to  circular  wavefront  simply  by  placing  a  lens  in  the 
path  of  the  beam. 

The  Gaussian  irradiance  profile  of  a  laser  operating  in  TEM0o  mode  is  shown  in 
Fig.  5-8.  The  center  86%  of  the  beam  is  the  brightest;  the  irradiance  of  the  beam  falls 
off  as  you  approach  the  edges  of  the  beam.  You  can  visually  see  this  effect  when  the 
beam  is  spread  using  a  bi-concave  lens.  Shine  the  light  at  a  green  or  black  card  and 
notice  how  the  intensity  of  the  beam  is  greatest  at  the  center  and  less  at  the  edges. 
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5-6 

Only  the  single-mode  TEM0o 
provides  a  solid  beam 
throughout  its  diameter. 
Multi-mode  operation  increases 
the  overall  power  output  of  the 
laser,  but  splits  the  beam  into 
many  segments.  The  blank 
areas  in  the  beam  are  “nulls.” 


Circular  wavefronts 


5-7  A  comparison  of  plane  and  circular  wavefronts.  The  plane  wavefront 
geometry  of  the  typical  laser  decreases  divergence  and  provides  co¬ 
herency  across  the  entire  diameter  of  the  beam. 


5-8  The  Gaussian  irradiance  profile  of  a  He-Ne  laser  (in  TEM0o 
mode).  The  peak  of  the  irradiance  profile  is  the  center  of  the 
beam. 
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If  the  beam  is  so  bright  that  it  causes  a  halo  even  on  a  green  or  black  card,  wear  dark 
green  glasses  or  pass  the  beam  through  a  deep  green  filter. 

Even  without  external  optics,  the  divergence  (spreading)  of  the  laser  beam  is 
typically  not  over  1.2  milliradians  (mrads).  That  means  that  at  100  meters,  the  beam 
will  spread  120  mm  (about  4.7").  Computing  beam  divergence  is  more  thoroughly 
covered  in  Chapter  13. 

He-Ne  lasers  exhibit  random  plane  polarization.  That  is,  the  beam  is  plane  po¬ 
larized  (as  discussed  in  Chapter  8)  in  either  one  direction  or  90°  in  the  other.  The  po¬ 
larization  randomly  toggles  back  and  forth,  but  the  switch-over  is  extremely  fast  and 
generally  not  detectable.  In  this  regard,  all  laser  tubes  are  polarized,  but  there  is  no 
control  over  the  plane  of  polarization. 

Some  helium-neon  tubes  are  designed  with  internal  polarizing  optics  that  block 
one  of  the  planes.  These  are  called  linearly  polarized  tubes.  Polarization  of  the 
beam  is  accomplished  not  with  filters,  but  with  a  clear  window  placed  at  Brewster's 
angle  at  the  rear  of  the  tube.  The  window  is  visible  at  the  rear  of  the  tube,  as  shown 
in  Fig.  5-9,  and  is  a  clear  indicator  that  the  tube  is  linearly  polarized.  In  some  lasers, 
the  rear  of  the  tube  is  terminated  with  the  Brewster  window,  but  it  lacks  a  totally  re¬ 
flective  mirror.  You  must  then  add  an  external  mirror  to  operate  the  laser. 

Linearly  polarized  tubes  are  more  expensive  than  randomly  polarized  ones  and 
are  generally  low  in  power — typically  less  than  2  mW  (higher  power  polarized  tubes 
do  exist,  but  at  a  cost).  However,  polarized  tubes  are  particularly  handy  in  advanced 
holography,  interferometry,  high-speed  modulation,  and  other  applications  where 
you  need  a  stable  output  and  a  linearly  polarized  beam. 


5-9  The  tiny  piece  of  glass  positioned  near  t  he  plane  parallel  mirror  in  this  tube  causes  polar¬ 
ized  beam  output. 
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Of  course,  you  can  always  polarize  a  laser  by  placing  a  polarizing  filter  in  the 
path  of  the  beam,  but  this  significantly  reduces  the  intensity  of  the  beam.  In  most  ap¬ 
plications,  you  need  as  much  beam  intensity  as  possible. 

Most  linearly  polarized  tubes  are  rated  by  their  polarization  purity.  The  purity  is 
expressed  as  a  ratio,  such  as  300:1  or  500:1.  That  is,  under  normal  operating  condi¬ 
tions,  the  tube  is  300  or  500  times  per  likely  to  emit  one  plane  of  polarization  over  the 
other.  Few  applications,  even  precisely  controlled  laboratory  experiments,  require 
polarization  purity  greater  than  500:1. 

A  laser  beam  might  appear  grainy  or  spotty  when  reflected  off  a  white  or  lightly 
colored  wall.  This  effect  is  called  speckle  and  is  caused  by  local  interference.  Even  a 
smooth,  painted  surface  has  many  hills  and  valleys  in  comparison  to  the  wavelength 
size  of  the  laser  beam.  These  small  imperfections  in  the  surface  bounce  light  in  many 
directions.  The  uneven  reflection  causes  constructive  and  destructive  interference, 
where  the  light  waves  from  the  beam  either  reinforce  or  cancel  one  another. 

Speckle  is  also  produced  in  your  eye  as  the  beam  strikes  the  surface  of  the 
retina.  If  you  move  your  head,  the  speckle  appears  to  move,  too.  Interestingly,  beam 
speckle  can  be  used  to  detect  near-  or  short-sightedness.  The  speckle  moves  in  the 
same  direction  as  the  head  when  viewed  by  a  person  with  normal  vision.  But  the 
speckle  will  appear  to  move  in  the  opposite  direction  as  the  head  when  viewed  by 
persons  suffering  from  near-  or  far-sightedness.  If  you  and  any  of  your  friends  wear 
glasses,  you  can  try  this  experiment  for  yourselves. 

He-Ne  colors 

A  He-Ne  tube  generates  many  different  colors.  You  can  see  these  colors  by  looking  at 
a  bare  tube  with  a  diffraction  grating  (an  example  is  shown  on  the  cover  of  the  book, 
taken  with  a  criss-cross  diffraction  grating).  The  diffraction  grating  disperses  the 
orange  glow  of  the  plasma  tube  into  its  component  colors.  Notice  that  just  about 
every  primary  and  secondary  color  is  present,  with  dark  lines  between  each  one.  The 
dark  areas  represent  in-between  colors  that  are  not  generated  within  the  tube. 

Most  all  colors  (plus  infrared  wavelengths  you  can’t  see)  are  transmitted  out  of 
the  tube  before  they  can  be  amplified.  That  prevents  them  from  turning  into  laser 
light.  Here’s  how  it’s  done:  The  cavity  mirrors  of  the  laser  are  coated  with  a  highly  re¬ 
flective  material  that  reflects  the  wavelength  of  interest  (such  as  632.8  nm),  but  it 
transmits  the  others.  As  the  beam  inside  the  laser  grows  in  strength,  it  overcomes 
the  reflectance  of  the  output  mirror  and  exits  the  tube.  You  can  verify  the  purity  of 
the  output  beam  by  examining  the  red  spot  of  the  beam  with  the  diffraction  grating. 
You  will  see  only  one,  well-defined  color. 

He-Ne’s  emit  a  deep  red  beam  at  632.8  nm  because  it  is  the  strongest  line.  The 
other  colors  are  weak  or  might  not  be  sufficiently  coherent  or  monochromatic.  Yet  there 
are  some  special  helium-neon  lasers  that  are  made  to  operate  at  different  wavelengths, 
namely  1.523  jam  (infrared)  and  543.5  nm  (green),  as  well  as  some  models  that  exhibit 
a  warm  orange  beam.  “Off-color”  He-Ne  lasers  are  more  expensive  and  are  designed  for 
special  applications,  and  they  can  sometimes  be  found  in  the  surplus  market. 

You  can  see  the  other  colors,  such  as  the  543.5-nm  green  line,  by  examining  a 
regular  red  He-Ne  tube  with  a  diffraction  grating.  You  will  also  notice  a  second, 
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darker  red  line  at  652  nm.  These  and  other  spectra  are  created  as  the  helium  and 
neon  atoms  drop  from  their  raised,  excited  state  to  various  transition  levels.  Figure 
5-10  shows  a  diagram  of  the  energy  levels  within  a  typical  He-Ne  tube.  As  an  aside, 
the  invisible  1 .523-jim  line  is  the  wavelength  of  the  first  helium-neon  tubes  that  were 
developed  by  Javan,  Bennett,  and  Herriott  at  Bell  Telephone  Labs. 
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5-10  This  simplified  view  of  the  energy  levels  of  the  He-Ne  laser  shows  how  photons 
are  created  as  the  atoms  decay  from  their  level  3  metastable  state  to  an  intermediate 
level  4  terminal  state.  Many  wavelengths  of  light  are  created  in  the  helium-neon  gas 
mixture,  but  selective  filtering  provides  a  beam  with  a  nearly  pure  wavelength  of  632.8 
nm  (some  He-Ne  tubes  operate  at  1523  nm  and  543  nm). 


The  role  of  the  ballast  resistor 

Laser  tubes  operate  at  voltages  between  1.2  and  3.0  kV  (though  some  are  higher  or 
lower),  but  their  current  requirements  are  much  more  stringent.  Most  tubes  in  the 
1-  to  5-mW  power  output  range  are  designed  to  consume  between  3.5  and  5  mA  of  cur¬ 
rent.  If  consumption  is  any  less,  the  tube  won’t  fire;  any  more  and  it  could  be  damaged. 

A  helium-neon  laser  tube  uses  a  ballast  resistor  to  limit  its  current  and  to  pro¬ 
vide  stable  electrical  discharge.  The  value  of  the  ballast  resistor  varies  depending  on 
the  tube  and  power  output,  but  it’s  generally  between  47  and  230  k£L  The  ballast  re¬ 
sistor  is  usually  placed  close  to  the  anode  of  the  tube  to  minimize  anode  capacitance 
and  to  provide  more  stable  operation. 

You  can  safely  operate  most  lasers  between  the  3.5-  to  7-mA  band  gap  recom¬ 
mended  for  He-Ne  tubes,  but  the  lower  the  current,  the  better.  The  tube  will  last 
longer  and  the  power  supply  will  operate  more  efficiently.  If  you  have  a  choice  of  bal¬ 
last  resistor  values,  choose  the  highest  one  you  can  that  fires  the  lube  and  keeps  it 
running.  If  the  tube  sputters  or  blinks  on  and  off,  it  might,  be  a  sign  that  it  ’s  not  re¬ 
ceiving  enough  current.  Lower  the  value  of  ballast  resistor  and  try  again. 

Commercially  made  power  supplies  designed  for  use  with  cylindrical  head  lasers 
are  typically  engineered  without  a  ballast  resistor.  Rather,  the  resistor  is  housed  in 
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the  end  cap  of  the  aluminum  laser  head — never  forget  this.  If  you  use  the  power  sup¬ 
ply  with  a  bare  tube  that  lacks  a  ballast  resistor,  you  can  permanently  ruin  the  laser. 
If  in  doubt,  add  the  ballast  resistor;  you  can  always  take  it  out  later. 

Buying  and  testing  He-Ne  tubes 

Not  all  helium-neon  laser  tubes  are  created  equally.  Apart  from  size  and  output 
power,  tubes  vary  by  their  construction,  reliability,  and  beam  quality.  After  buying  an 
He-Ne  tube,  you  should  always  test  it;  return  the  tube  if  it  doesn’t  work  or  if  its  qual¬ 
ity  is  inferior. 

Should  you  need  a  laser  for  a  specific  application  that  requires  precision  or  a 
great  deal  of  reliability,  you  might  be  better  off  buying  a  new,  certified  tube.  The  tube 
will  come  with  a  warranty  and  certification  of  power  output.  Because  you’re  the  only 
one  handling  the  laser,  you  won’t  be  bothered  with  such  headaches  as  misaligned  or 
chipped  mirrors — unless  you  misalign  or  chip  the  mirrors  yourself! 

The  documentation — a  sort  of  pedigree  that  comes  with  the  best  tubes — will 
specify  actual  output,  often  within  a  0.1  mW.  For  example,  the  tube  might  be  rated 
by  the  manufacturer  at  1  mW.  That’s  the  nominal  output  figure,  but  the  documenta¬ 
tion  for  the  particular  tube  you  receive  might  state  the  output  was  tested  at  exactly 
1.3  mW.  If  you  purchase  many  new  tubes,  you’ll  quickly  discover  that  no  two  lasers 
are  the  same.  Even  though  manufacturing  tolerances  are  extremely  tight,  slight  vari¬ 
ations  still  exist.  Much  of  this  variation  is  caused  by  mirror  alignment. 

Visual  inspection 

The  first  step  in  establishing  the  quality  of  the  tube  is  to  inspect  it  visually.  If  the  tube 
is  used,  be  on  the  lookout  for  scratched,  broken,  or  marred  mirrors.  Check  both  mir¬ 
rors  and  use  lens  tissue  and  pure  alcohol  to  clean  them.  Gently  shake  the  tube  and 
listen  for  loose  components.  Most  tubes  have  a  metal  spider  that  holds  the  bore  in 
place,  and  though  it  might  rattle  a  bit,  the  spider  should  not  be  excessively  loose.  If 
the  tube  is  an  old  one,  it  might  have  externally  mounted  mirrors  (with  most  He-Ne 
tubes,  the  mirrors  are  mounted  within  the  glass  envelope).  Carefully  check  the  mir¬ 
rors  and  mounts  for  loose  components  and  scratches. 

Inspect  the  tube  carefully  under  a  bright  light  and  look  for  hairline  cracks.  If  the 
tube  is  encased  in  a  housing  that  contains  a  shutter,  be  sure  that  the  shutter  opens 
when  the  laser  is  turned  on  (open  the  shutter  manually  if  it  is  not  electrically  con¬ 
trolled). 

Checking  laser  operation 

After  inspection,  connect  the  tube  to  a  suitable  power  supply.  Be  sure  to  read  the  fol¬ 
lowing  section  if  you  are  unsure  how  to  connect  the  tube  to  the  supply.  Place  the 
tube  behind  a  clear  plastic  shield  or  temporarily  cover  it  with  a  piece  of  cardboard. 
Flick  the  power  supply  on  and  watch  for  the  beam.  Listen  for  a  sputtering  or  crack¬ 
ing  sound;  immediately  turn  off  the  power  supply  if  you  hear  any  anomalies.  Point 
the  laser  toward  a  wall.  If  the  laser  is  working  properly,  the  beam  comes  out  one  end 
only  and  the  beam  spot  is  solid  and  well-defined. 
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Although  one  of  the  mirrors  in  an  He-Ne  tube  should  be  completely  reflective, 
they  aren’t  always  so.  Occasionally,  the  totally  reflective  mirror  allows  a  small 
amount  of  light  to  pass  through  and  you  see  a  weak  beam  coming  out  the  back  end 
(this  is  especially  true  if  the  mirror  is  not  precisely  aligned).  Usually,  this  poses  no 
serious  problem  unless  the  coating  on  the  mirror  is  excessively  weak  or  damaged,  or 
if  the  mirrors  are  seriously  out  of  alignment. 

All  lasers  exhibit  satellite  beams — small,  low-powered  spots  that  appear  off  to 
the  side  of  the  main  spot.  In  most  cases,  the  main  beam  and  satellites  are  centered 
within  one  another,  so  you  see  just  one  spot.  But  slight  variations  and  adjustment  of 
the  mirrors  can  cause  the  satellites  to  wander  off  axis.  This  can  be  unsightly,  so  if  it 
matters  enough  to  you,  you  might  want  to  choose  a  tube  that  has  one  solid  beam. 

The  satellites  are  caused  by  internal  reflection  from  the  output  (partially  reflec¬ 
tive)  mirror.  The  main  and  satellite  beams  are  out  of  phase  to  one  another  because 
their  path  lengths  are  different.  Some  applications,  such  as  advanced  holography  or 
interferometry,  require  you  to  separate  the  satellite  beams  from  the  main  beam.  You 
can  do  so  with  a  spatial  filter  or  metal  flap. 

When  projected  against  a  white  or  lightly  colored  wall,  the  beam  from  the  laser 
might  “bloom”  with  a  visible,  lightly  colored  ghost  or  halo.  The  ghost,  which  gener¬ 
ally  has  a  blue  cast  to  it,  sometimes  makes  it  difficult  to  see  the  shape  of  the  beam  it¬ 
self.  Wearing  a  pair  of  green  safety  goggles  helps  to  reduce  the  ghost,  allowing  you  to 
see  just  the  beam  spot.  You  can  also  tack  a  piece  of  flat  black  or  dark  green  paper  on 
the  wall  and  project  the  beam  at  it  to  reduce  the  effects  of  the  ghost. 

With  just  the  beam  itself  cast  on  the  wall  or  paper,  inspect  it  for  any  irregularities. 
It  should  be  perfectly  round.  If  there  are  smears,  try  cleaning  the  output  mirror  and 
try  again.  Notice  that  the  beam  will  show  nulls  (dark  spots)  if  the  tube  is  not  operat¬ 
ing  in  TEMoo  mode,  as  described  previously.  These  cannot  be  eliminated  by  cleaning. 

If  the  tube  starts,  but  no  beam  comes  out,  check  to  be  sure  that  nothing  is  block¬ 
ing  the  exit  mirror  (or,  is  the  laser  an  infrared  type?).  Clean  it  and  try  again.  If  the 
beam  still  isn’t  visible,  the  mirrors  might  be  out  of  alignment.  You  cannot  re-align  mir¬ 
rors  that  are  fused  to  the  glass  tube  unless  the  tube  has  alignment  rings  or  wedges — 
then  the  process  depends  largely  on  trial  and  error  (and  usually  results  in  error). 

Each  ring  is  equipped  with  three  or  four  hex  screws.  You  readjust  the  mirrors  by 
tightening  and  loosening  one  or  all  of  the  screws.  Use  a  hex  wrench  that  is  com¬ 
pletely  insulated  with  high-voltage  tape  and  take  care  not  to  touch  any  exposed 
metal  parts.  With  the  laser  on,  watch  the  output  mirror  and  try  loosening  one  of  the 
screws.  Does  a  beam  appear?  Keep  trying,  noting  how  you  adjust  each  screw. 

You  might  be  able  to  make  the  beam  appear  by  pressing  down  slightly  on  the 
wrench.  That  stresses  the  ends  of  the  tube  and  can  bring  the  mirrors  into  partial  align¬ 
ment.  The  idea  is  to  work  slowly  and  notice  the  positions  of  the  mirrors  at  each  ad¬ 
justment  interval.  Alignment  becomes  very  difficult  if  both  mirrors  are  out  of  whack. 

If  the  tube  doesn’t  ignite  at  all,  check  the  power  supply  and  connections.  Try  a 
known  good  tube  if  you  have  one.  The  tube  still  doesn’t  light?  The  problem  could  be 
caused  by: 

•  Bad  tube  The  tube  is  “gassed  out,”  has  a  hairline  crack,  or  is  just  plain  broken. 

•  Power  supply  too  weak  The  tube  might  require  more  current  or  voltage 
than  the  levels  provided  by  the  power  supply. 
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•  Insulating  coating  or  broken  connection  on  terminal  New  and  stored 
tubes  might  have  an  insulating  coating  on  the  terminals.  Be  sure  to  clean  the 
terminals  thoroughly.  A  broken  lead  can  be  mended  by  soldering  on  a  new  wire. 

Sputtering  tubes  and  other  problems 

Some  “problems”  with  laser  tubes  are  really  caused  by  the  power  supply.  In  fact,  if 
your  laser  doesn’t  work,  suspect  the  power  supply  first.  Even  commercially  made 
power  supplies  can  burn  out — especially  if  they  are  used  with  a  tube  they  aren’t  de¬ 
signed  for. 

One  common  problem  is  when  the  tube  sputters  when  you  turn  it  on.  This  fault 
is  most  often  caused  by  a  tube  that  isn’t  receiving  enough  current.  Inspect  the  con¬ 
nections  from  the  power  supply  to  the  tube — be  sure  that  there  is  no  arcing.  An  arc¬ 
ing  connection  can  cause  the  tube  to  blink. 

If  the  tube  is  not  designed  for  the  power  supply  you  are  using,  the  supply  (or 
tube)  might  have  a  ballast  resistor  that  excessively  restricts  current.  Locate  the  bal¬ 
last  resistor — it’s  usually  on  the  power  supply  or  is  mounted  directly  on  the  anode 
terminal  of  the  tube.  Try  a  slightly  lower  value,  but  be  sure  that  the  resistor  is  rated 
for  at  least  3  watts  (5  watts  is  even  better). 

Notice  that  the  tube  might  be  unstable  if  the  ballast  resistor  is  too  high  or  too 
low.  The  trick  is  to  find  the  value  that  works  with  the  tube.  Specifications  that  ac¬ 
company  new  tubes  might  indicate  the  recommended  ballast  resistor  value;  in  most 
cases,  you  must  experiment  until  you  find  the  one  that  yields  the  best  results. 

The  ballast  resistor  is  often  located  in  the  end  cap  of  laser  tubes  that  are  encased 
in  an  aluminum  housing.  Remove  the  end  cap,  if  possible,  by  twisting  it  off.  You  might 
need  to  loosen  one  or  more  set  screws.  The  ballast  resistor  is  typically  sealed  inside 
the  end  cap  with  silicone  rubber.  Peel  the  rubber  away  and  exchange  the  resistor 
with  a  lower  value.  If  the  new  resistor  works,  repot  it  in  the  end  cap  with  fresh  sili¬ 
cone  rubber  sealant. 

Long  lead  lengths  can  also  cause  sputtering.  The  longer  the  lead,  the  greater  the 
loss  of  current.  Most  laser  power  supplies  cannot  power  a  laser  with  leads  longer 
than  about  12"  to  18".  Small  “pee-wee”  power  supplies,  particularly  those  that  run  on 
12  Vdc,  should  have  no  longer  than  2"  to  4"  leads.  The  length  of  the  anode  lead  is  of 
most  importance;  the  cathode  lead  can  be  any  reasonable  length. 

Some  laser  power  supplies  have  a  current  adjust  pot;  turn  it  to  see  if  it  makes  a 
difference.  Exercise  caution,  however,  and  avoid  yanking  the  current  so  high  that 
you  cause  damage  to  the  tube.  You  can  test  the  current  consumption  of  any  tube  by 
inserting  a  meter  between  the  laser  and  power  supply.  Chapter  6,  “Build  a  He-Ne 
Laser  Experimenter’s  System,”  provides  the  details.  Few  helium-neon  lasers  can  be 
safely  operated  above  7  mA  of  current. 

Hard-to-start  tubes  flick  on,  but  quickly  go  out.  If  the  power  supply  incorporates 
a  trigger  transformer,  the  tube  might  “click”  on  and  off  once  every  2  to  3  seconds 
(correlating  to  the  time  delay  between  each  high-voltage  trigger  pulse).  Tubes  that 
haven’t  been  used  in  a  while  can  be  hard  to  start,  so  once  you  get  it  going,  keep  it  on 
for  a  day  or  two.  In  most  cases,  the  tube  will  start  normally. 

Hard  starting  can  also  be  caused  by  age  and  de-gassing,  two  factors  you  can’t  fix. 
A  tube  that  simply  won’t  start  might  suffer  from  inadequate  current,  regardless  of 
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ballast  resistor,  power  lead  length,  and  other  variables.  Be  sure  to  use  a  power  sup¬ 
ply  that  delivers  sufficient  current.  You  will  have  better  luck  starting  the  tube  if  the 
power  supply  incorporates  a  high-voltage  trigger  transformer. 

Powering  the  tube 

Most  surplus  He-Ne  tubes  are  sold  without  instructions  of  any  type.  It’s  up  to  you  to 
know  how  to  use  it.  For  the  uninitiated,  this  can  seem  frightening,  but  the  detective 
work  is  actually  simple.  Follow  these  steps  and  you  can  get  just  about  any  tube  work¬ 
ing  in  a  manner  of  minutes. 

All  He-Ne  tubes  have  an  anode  (positive  terminal)  and  cathode  (negative  termi¬ 
nal).  In  some  cases,  the  terminals  are  marked  with  an  “A”  and  “C”  (sometimes  “K”) 
or  simply  +  and  -.  A  few  others  have  a  red  dot  that  indicates  the  anode.  Following  the 
polarity  specified,  connect  the  power  supply  so  that  the  positive  lead  connects  to  the 
anode  and  the  negative  (or  ground)  lead  connects  to  the  cathode. 

By  far,  most  He-Ne  tubes  have  no  markings  at  all,  and  you  are  left  wondering 
which  one  is  which.  Connecting  the  tube  backwards  to  the  power  supply  can  damage 
the  supply,  the  tube,  or  both.  Also  notice  that  some  power  supplies  must  have  a  load 
on  the  output  terminals  or  damage  to  the  high-voltage  components  could  result. 

You  can  readily  identify  the  cathode  of  most  tubes  by  looking  for  the  ring-shaped 
“getter”  that  rests  near  the  inside  wall  of  the  tube.  The  getter  is  usually  made  of  a  zir¬ 
conium-aluminum  alloy  and  it  removes  trace  gas  residues  after  the  tube  is  sealed 
during  manufacture.  In  most  all  cases,  the  getter  is  connected  to  the  cathode  or  at 
least  to  the  spider,  which  is  connected  to  the  cathode.  The  area  around  the  getter 
might  have  a  silver  discoloration,  but  this  is  not  an  indication  that  the  tube  is  bad  nor 
that  it  has  been  used  excessively. 

Another  tip-off  is  the  filling  line  originally  used  to  pump  the  gasses  into  the  tube. 
The  filling  line  usually  (but  not  always)  denotes  the  cathode  end.  In  fact,  the  line  of¬ 
ten  doubles  as  the  cathode  connection. 

Lasers  enclosed  in  aluminum  housings  typically  have  leads  coming  out  of  an  end 
cap.  These  leads  terminate  in  a  male  high-voltage  Alden  connector,  designed  for  use 
with  a  corresponding  female  connector  attached  to  commercial  laser  power  sup¬ 
plies.  The  thin  prong  of  the  connector  denotes  the  anode. 

If  there  is  no  connector,  or  if  another  connector  type  is  used,  you  can  often  iden¬ 
tify  the  polarity  of  the  leads  by  their  color.  As  usual,  red  denotes  positive  (anode) 
and  black  (or  sometimes  white)  denotes  negative  (cathode).  Lasers  that  use  a 
shielded  coaxial  cable  use  the  inside  conductor  for  the  anode  and  the  outside  shield 
for  the  cathode. 

Using  the  tube 

If  you  have  not  used  your  He-Ne  laser  yet,  test  it  by  connecting  the  power  supply  and 
applying  power.  If  the  supply  is  commercially  made,  there  might  be  a  1-  to  3-second 
delay  before  the  laser  turns  on.  This  time  delay  allows  the  capacitors  to  charge  and 
is  also  a  CDRH  requirement.  If  nothing  happens  after  about  5  seconds,  disconnect 
the  power  and  check  all  the  connections. 


76  Chapter  5 


Once  you  get  the  laser  running,  keep  it  on  for  an  hour  or  so.  The  tube  will  be¬ 
come  warm,  but  if  the  supply  is  properly  adjusted  (that  is,  it’s  not  delivering  too 
much  current),  the  laser  will  not  be  damaged.  The  “burn  in”  period  provides  a  safety 
net;  if  the  tube  and  supply  are  going  to  fail,  it  will  likely  be  within  the  first  hour  or  so 
of  use.  This  allows  you  plenty  of  time  to  return  the  tube  and/or  power  supply  and  ob¬ 
tain  a  replacement. 


/ 


6 

CHAPTER 

Build  a  He-Ne  laser 


Bare  laser  tubes  have  a  “shocking”  personality — you’ll  want  to  enclose  yours  in  a 
protective  housing  to  make  using  it  easier.  You  can  place  just  the  tube  in  the  enclo¬ 
sure  or  make  an  all-in-one  lab  laser  that  incorporates  both  laser  and  high  voltage 
power  supply  in  one  compact  package.  You  might  also  want  to  house  a  cylindrical 
laser  head  in  a  box  to  keep  it  from  rolling  around  the  table. 

This  chapter  provides  plans  on  how  to  bundle  a  bare  or  cylindrical  laser  head  in 
an  easy-to-manage  plastic  enclosure.  Several  versions  of  laser  housings  are  provided, 
including  hand-held  cylindrical  pointers,  box-type  lab  lasers,  and  mini  optical  bread¬ 
boards. 

Build  an  all-in-one  lab  laser 

Small,  1-  to  2-mW  bare  He-Ne’s — along  with  their  high-voltage  power  supplies — can 
be  neatly  packaged  within  a  small  plastic  enclosure.  Depending  on  the  size  of  the  en¬ 
closure,  you  should  be  able  to  use  any  commercially  made  power  supply,  as  well  as 
the  home-brew  power  supply  presented  in  Chapter  1 1 . 

Although  plastic  is  a  poor  conductor  of  heat,  neither  power  supply  nor  tube  gen¬ 
erate  enough  heat  to  do  damage.  However,  you  should  avoid  placing  the  tube  or 
power  supply  components  directly  against  the  plastic  of  the  enclosure.  Allow  some 
breathing  room  and  provide  ventilation  slots  or  holes. 

Basic  assembly 

An  assembly  diagram  for  the  all-in-one  lab  laser,  using  a  1.12"-x-7",  1-mW  He-Ne  tube 
and  compact,  commercially  made  12-Vdc  power  supply,  is  shown  in  Fig.  6-1  (the 
power  supply  is  available  new  and  surplus).  A  parts  list  is  provided  in  Table  6-1.  The 
dimensions  provided  in  the  plans  are  for  the  power  supply  and  He-Ne  tube  specified 
and  fit  well  in  a  7%"-x-4%"-x-2%"  plastic  project  box  (available  at  Radio  Shack). 
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Inside  bottom 


1/2"  x  8/32  bolt 


A 


A  —  Power  jack  (1/4") 

B  -  Switch  (1/4") 

C  -  LED  in  holder  (3/8") 


c 


B 


6-1  Drilling  guide  for  the  lab  laser  enclosure,  using  the  components  detailed  in  the  text.  (A)  Drilling  guide 
for  the  inside  bottom  of  the  enclosure;  (B)  Drilling  guide  for  the  top  cover;  (C)  Mounting  detail  for  the  laser 
tube,  pipe  hanger,  and  grommet. 
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Table  6-1.  Lab  laser  parts  list 


R1  470-D  resistor 

R2  80  KQ  ballast  resistor,  3-5  watts 

LED1  Light-emitting  diode 

SI  SPST  switch 

J 1  %-inch  phone  jack 

1  He-Ne  laser  tube  (as  specified  in  text) 

1  12-Vdc  modular  power  supply  (as  specified  in  text) 

1  Plastic  project  box  (7%  by  4%  by  2%  inches) ' 

2  %-  or  1-inch  pipe  hangers 

2  %2  by  14-inch  bolts 

4  %2  nuts 

2  #8  locking  washers 

Misc.  Rubber  grommets  or  weather  stripping,  fuse  clips  or  springs 

All  resistors  are  5-10  percent  tolerance,  K-watt,  unless  otherwise  indicated. 


Notice  that  the  actual  size  of  your  enclosure  depends  on  the  dimensions  of  your 
components.  Measure  the  power  supply  and  tube  and  buy  parts  to  fit.  Don’t  be  afraid 
to  make  the  enclosure  large.  Unless  you  are  specifically  intending  miniaturization, 
the  larger  the  enclosure,  the  better  the  cooling  of  the  components  within. 

Place  stand-offs  under  the  power  supply  and  large  grommets  to  support  the 
tube.  The  grommets  provide  ventilation  space  between  the  laser  and  enclosure,  as 
well  as  shock  absorption  for  the  tube.  You  can  use  rubber  weather  stripping,  0-rings, 
or  high-voltage  dielectric  tape  for  the  grommets. 

Electrical  connection 

You  must  connect  the  high-voltage  anode  and  cathode  leads  to  the  terminals  on 
the  tube.  With  most  tubes,  the  terminals  are  the  metal  mirror  mounts  on  each  end  of 
the  laser.  It’s  decidedly  a  bad  idea  to  solder  the  leads  directly  to  the  terminals,  yet 
the  electrical  connection  must  be  solid  and  stable. 

One  method  to  attach  the  high-voltage  leads  to  the  tube  is  to  use  a  %"  compres¬ 
sion  spring  (such  as  Century  Spring  S-676),  as  illustrated  in  Fig.  6-2A.  These  are 
readily  available  at  most  hardware  stores.  If  the  spring  is  too  long,  cut  it  with  a  pair 
of  heavy  clippers.  Use  a  file  to  remove  the  outer  coating  of  the  spring  (many  are  plas¬ 
tic  coated),  then  solder  the  power  lead  to  the  spring.  Slip  the  spring  over  the  termi¬ 
nal  and  inch  it  into  place.  If  the  spring  won’t  fit  over  the  terminals  on  your  laser,  use 
a  larger  or  smaller  type.  Don’t  use  a  spring  that’s  too  heavy.  A  lightweight  compres¬ 
sion  spring  maintains  electrical  contact  without  stressing  the  mirror  mount. 

Another  method  is  to  use  fuse  clips  (see  Fig.  6-2B).  You  can  buy  these  at  most 
any  electronics  store,  including  Radio  Shack.  The  clip  is  just  about  the  right  size  for 
most  laser  tube  terminals  and  they  can  be  easily  soldered  to  the  high-voltage  leads. 
If  the  clip  has  small  indentations  for  holding  the  fuses,  bend  these  out  with  a  pair  of 
needlenose  pliers.  You  might  need  to  tweak  the  clip  a  bit  to  get  it  to  fit  around  the 
ends  of  the  mirror  mounts. 
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6-2  Two  ways  to  attach  the  high-voltage  leads  to  the  laser 
tube  terminals:  by  compression  spring  and  fuse  clip.  Be 
sure  to  file  away  any  coating  that  might  be  on  the  spring  or 
electrical  contact  will  be  impaired. 


Final  assembly 

Before  permanently  mounting  the  laser  and  power  supply,  notice  the  position  of  the 
output  mirror  and  drill  a  hole  for  the  beam  to  escape.  A  Me"  hole  provides  plenty  of 
room  for  mounting  error  and  is  about  the  size  of  the  output  mirror.  You  can  drill  a 
smaller  hole,  but  you  must  be  sure  to  precisely  align  the  tube  in  the  enclosure. 

Next,  drill  holes  in  the  top  cover  for  the  12-Vdc  power  socket,  on/off  switch,  and 
LED  indicator.  Use  a  M"  or  %2"  bit  for  the  M"  phone  jack;  measure  the  diameter  of  the 
switch  and  LED  and  use  the  proper  size  drill  bits  for  each.  When  drilling  plastic,  start 
with  a  small  pilot  hole,  then  enlarge  it  with  bigger  drill  bits  until  the  hole  is  the 
proper  size.  Place  a  block  of  wood  behind  the  plastic  to  prevent  chipping. 

You  can  use  a  metal  enclosure  only  if  the  power  supply  is  completely  sealed  and 
all  interconnections  are  insulated  (this  includes  the  leads  that  connect  to  the  termi¬ 
nals  on  the  tube).  Use  heat-shrinkable  tubing  rated  for  at  least  20  kV,  high-voltage 
heat-shrinkable  dielectric  tape,  or  high-voltage  putty.  You  might  also  want  to  coat 
the  inside  of  the  enclosure  with  a  non-conductive  paint.  I’ve  had  great  success  using 
brush-on  plastic  coating,  the  stuff  designed  as  a  covering  for  tool  handles.  Many  plas¬ 
tics  outlets  sell  this  coating,  which  is  available  in  brush-  and  dip-on  forms. 

Solder  the  connections  between  all  components,  as  shown  in  the  schematic  in 
Fig.  6-3,  and  mount  them  in  the  enclosure.  Avoid  long  wire  lengths;  keep  all  lead 
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R2 

80K 

(see  text) 


6-3  Wiring  diagram  for  the  lab  laser.  Be  careful  of  the  very  high  voltages  present  at  the  ter¬ 
minals  of  the  laser  and  the  output  of  the  power  supply. 

lengths  as  short  as  possible.  Place  the  ballast  resistor  close  to  the  anode  terminal  of 
the  tube.  Be  sure  that  no  leads  interfere  with  the  output  beam  of  the  laser.  You  might 
want  to  tie  down  the  leads  to  keep  them  from  wandering  about  in  the  enclosure.  Use 
plastic  tie  wraps  and  secure  the  leads  to  the  inside  of  the  enclosure  with  a  small 
piece  of  doublesided  foam  tape.  Keep  low-voltage  and  high-voltage  leads  separate. 
Finish  the  lab  laser  by  adding  rubber  feet  to  the  bottom  of  the  enclosure.  The  fin¬ 
ished  laser  is  shown  in  Fig.  6-4A  and  B. 

Power  supply 

Power  for  the  lab  laser  comes  from  a  12  Vdc  battery  pack  or  a  12  Vdc  adapter/bat¬ 
tery  eliminator.  The  battery  or  ac  adapter  must  provide  at  least  350  mA  current,  or 
more,  depending  on  the  tube  and  high-voltage  power  supply  used.  Construction  de¬ 
tails  for  a  battery  pack  and  charger/adapter,  suitable  for  use  with  the  all-in-one  lab 
laser,  appear  in  Chapter  21. 

Build  an  enclosed  laser  head 

The  all-in-one  lab  laser  doesn’t  lend  itself  to  hand-held  portability.  A  bare  laser  tube 
can  be  easily  shielded  in  a  pipe  that  is  suitable  for  hand-held  use,  or  you  can  even 
mount  one  on  an  optical  bench.  You  can  use  metal  or  plastic  for  the  laser  enclosure. 
Metal  conducts  heat  more  readily  and  is  recommended  if  you  plan  on  keeping  the 
laser  turned  on  for  long  periods  of  time.  However,  a  plastic  enclosure  provides  insu¬ 
lation  against  the  high-voltage  potentials  present  at  the  terminals  of  the  laser. 

The  laser  head  used  in  this  project  is  designed  around  a  2-mW  Melles  Griot 
plasma  tube.  The  tube  measures  1.45"  in  diameter  by  10.6"  in  length.  A  piece  of  1 Y" 
PVC  pipe,  cut  to  a  length  of  12",  serves  as  the  enclosure.  The  pipe  is  capped  off  on 
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6-4  The  completed  lab  laser:  (A)  With  the  cover  removed,  showing  the  mounting  of 
the  components,  and  (B)  with  the  cover  in  place. 
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both  ends  and  a  removable  plug  is  attached  to  the  enclosure  to  provide  a  shutter — a 
guard  against  accidental  exposure  to  the  beam. 

The  power  supply  pack,  a  separate  component  to  the  laser  head,  is  designed  to 
run  off  117  Vac  and  includes  a  fuse,  key  switch,  and  pilot  lamp.  The  design  of  this 
laser  incorporates  many  of  the  safeguards  required  by  the  CDRH  for  a  commercially 
sold  Class  II  or  Class  Ilia  device. 

Building  the  laser  head 

Refer  to  Table  6-2  for  a  parts  list.  Figure  6-5  shows  the  construction  details  of  the 
laser  head.  Cut  a  piece  of  1  /"  schedule  40  PVC  to  12  inches.  Be  sure  that  the  cuts  on 
both  ends  are  square.  Remove  the  rough  edges  with  a  file  or  fine-grit  sandpaper 
(300-grit  wet/dry  paper,  used  dry,  is  a  good  choice).  Drill  a  hole,  using  a  number  48 
bit,  a  distance  of  %"  from  the  back  end  of  the  tube.  This  hole  is  for  attaching  the  eye¬ 
let  used  to  secure  the  protective  cap  chain. 


Table  6-2.  Cylindrical  laser  head  parts  list 


R1  80-k£2  ballast  resister  (3-5  watts) 

1  He-Ne  laser  tube  (as  specified  in  text) 

1  12-inch  length  1 /4-inch  schedule  40  PVC 

2  1 /4-inch  plastic  test  plugs 

1  1 /4-inch  PVC  end  cap 

Misc.  O-rings  or  grommets,  fuse  clips  or  springs,  80  K  (3-5  watt) 
ballast  resistor,  silicone  sealant,  24-inch  length  of  miniature 
plastic  or  metal  chain,  two  eyelets  for  chain,  two  14-inch 
grommets 


1/4"  grommet 


i 

0 


12" 


O  #48  bit 


Schedule  40  PVC  (1  1/2") 


5/8" 


1  1/2" 
test  plug 


/2" 


#48  bit 


6-5  Construction  details  for  the  cylindrical  laser  head.  Adjust  the  pipe  diameter  and  length  to  accom¬ 
modate  the  exact  dimensions  of  the  tube  you  are  using. 


84  Chapter  6 


Solder  the  high-voltage  leads  to  pair  of  springs  or  fuse  clips,  as  detailed.  Insert  a 
ballast  resistor  (80  kf2,  or  more)  between  the  anode  terminal  and  anode  lead,  as 
shown  in  Fig.  6-6,  and  wrap  the  connections  in  heat-shrinkable  tubing.  Waft  a  lighter 
or  match  under  the  tubing  or  use  a  heat  gun  to  shrink  it  around  the  resistor  and 
other  connections. 


Ballast  resistor 


6-6  After  soldering  leads  to  the  ballast  resistor,  secure  the  resistor  to  the 
test  plug  with  silicone  rubber  sealant.  For  a  professional  look,  feed  the 
high-voltage  leads  through  a  grommet  mounted  in  the  center  of  the  plug. 
Be  sure  to  use  high  dielectric  wire  (rated  3  kV  or  more)  or  you  might  re¬ 
ceive  a  bad  shock. 


Thread  the  wires  through  a  grommet  and  poke  the  grommet  inside  a  /"  hole 
drilled  in  the  center  of  a  1 14"  test  plug.  Secure  the  grommet  and  resistor  by  applying 
a  layer  of  silicone  rubber  over  the  inside  surface  of  the  test  plug  and  let  it  dry. 

Once  the  sealant  has  set,  attach  the  springs  or  fuse  clips  to  the  terminals  on  the 
laser  tube.  Wrap  0-rings,  electrical  tape,  or  rubber  bands  around  the  tube,  as  shown 
in  Fig.  6-7,  and  insert  the  tube  in  the  PVC  pipe.  The  output  mirror  should  be  ap¬ 
proximately  VC  from  the  end  of  the  tube.  Secure  the  test  plug  to  the  other  end  of  the 
tube  with  a  dab  of  all-purpose  adhesive. 

Next,  drill  a  hole  in  the  center  of  another  test  plug  and  mount  it  on  the  output 
end  of  the  tube.  Secure  the  plug  with  glue  (not  PVC  solvent  cement). 

Construct  the  protective  plug  using  a  1  Vz  PVC  end  cap.  Secure  it  to  the  tube  us¬ 
ing  a  miniature  eyelet  and  24"  length  of  lightweight  metal  or  plastic  chain.  Insert  an¬ 
other  eyelet  in  the  small  hole  previously  drilled  in  the  PVC  pipe.  Secure  the  other 
end  of  the  chain  to  the  eyelet.  Be  sure  that  the  eyelet  doesn’t  interfere  with  the  tube, 
ballast  resistor,  or  high-voltage  leads.  If  the  threads  of  the  eyelet  contact  internal 
parts,  cut  the  shaft  of  the  eyelet  so  that  it  doesn’t  protrude  inside  the  pipe.  Apply 
glue  to  hold  the  eyelet  in  place. 
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Recommended 
mounting  areas 


O-ring 


O-ring 


6-7  Recommended  mounting  areas  on  a  bar  glass  He-Ne  tube.  You  can  use  large  O-rings  or 
grommets  as  shock  absorbers  (shock  absorption  reduced  “microphonic  noise”  that  can  im¬ 
pair  the  coherent  operation  of  the  laser). 


Building  the  power  pack 

Refer  to  Table  6-3  for  the  parts  list  for  the  power  pack.  The  power  pack  uses  a  com¬ 
mercially  available  11 7- Vac  high-voltage  laser  power  supply.  You  can  use  a  dc  power 
supply  if  you  need  a  completely  portable  and  self-contained  laser.  Many  new  and  sur¬ 
plus  ac  power  supplies  are  modular,  sealed  in  a  box  measuring  l%"-x-41/4"-x-3%>".  The 
power  supply  might  be  equipped  with  an  Alden  high-voltage  connector  or  flying 
leads  (tinned  pigtail  leads,  with  no  connector).  If  the  supply  has  an  Alden  connector, 
cut  it  off  and  save  it  for  future  use — female  Alden  connectors  are  hard  to  find.  Use 
the  two  or  three  holes  in  the  module  to  mount  the  supply  in  a  6K"-x-3%"-x-2"  plastic 
experimenter’s  box  (you  can  use  any  plastic  box  that  is  large  enough  for  the  power 
supply,  switch,  and  other  components).  Do  not  drill  holes  in  the  module — you’ll  un¬ 
doubtedly  drill  through  the  components  sealed  inside. 


Table  6-3.  Laser  head  power  supply  parts  list 


SI  Key  switch 

LI  Neon  lamp  (with  dropping  resistor) 

1  Plastic  project  box  (6^  by  33/  by  2  inches) 

Misc.  Fuse  holder,  ac  plug  and  cord,  two  !4-inch  grommets 


Follow  the  drilling  guide  shown  in  Fig.  6-8,  and  drill  holes  in  the  enclosure  for 
the  power  cord  (allowing  extra  for  the  grommet),  indicator  lamp,  and  key  switch. 
Use  a  rotary  rasp  or  countersink  bit  for  the  larger  holes.  Drill  small  pilot  holes  first  to 
avoid  chipping  or  cracking  the  plastic  with  large  bits. 

Use  #16  wire  and  solder  the  components  as  shown  in  Fig.  6-9.  Keep  wire  lengths 
as  short  as  possible.  After  soldering  is  complete,  mount  the  components  in  the  en¬ 
closure  and  route  the  grommet  and  power  cord  in  the  appropriate  hole.  Wrap  all 
high-voltage  leads  in  20-kV  heat-shrinkable  tubing  or  tape  and  apply  high-voltage 
putty  to  eliminate  arcing.  You  might  also  insulate  the  wiring  using  clear  aquarium 
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6-8  Layout  and  drilling  guide  for  the  laser  head  power  supply.  Drill  holes  large  enough  to 
accommodate  the  fuse  holder,  key  switch,  and  neon  lamp  that  you  are  using.  The  drilling 
guide  assumes  you  are  using  a  commercially  made  modular  power  supply  (dimensions  in¬ 
dicated  in  the  figure) . 


R2 

80K 

(see  text) 


6-9  Wiring  diagram  for  the  laser  head  power  supply.  Beware  of  potentially  lethal  voltages 
throughout  this  circuit. 
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tubing.  Double-check  your  work  (use  a  meter  as  a  safety  measure)  and  insert  a  2-A 
fast-acting  fuse  in  the  fuse  holder. 

Test  the  laser  by  plugging  in  the  power  supply  and  turning  the  key  switch  to  the 
ON  position.  The  indicator  light  should  turn  on,  and  within  3  to  5  seconds,  the  laser 
should  fire.  If  the  indicator  lamp  and  laser  do  not  turn  on,  it  could  indicate  a  wiring 
problem  or  blown  fuse.  Recheck  your  work  to  make  sure  the  wiring  is  correct. 

Build  a  compact  laser  breadboard 

A  breadboard  allows  you  to  experiment  with  lasers  and  other  optical  components 
without  elaborate  mounting  and  construction.  The  laser  breadboard  presented  here 
is  a  semi-permanent  mount  for  a  commercial-  or  home-made  cylindrical  laser  head 
and  serves  as  a  “head-end”  for  the  optical  breadboards  detailed  in  the  next  chapter. 
The  laser  and  optical  breadboards  are  constructed  with  the  same  inexpensive  mate¬ 
rials,  allowing  you  to  mix  and  match  as  you  desire. 

Follow  the  construction  details  shown  in  Fig.  6-10  (parts  list  in  Table  6-4).  Cut  a 
piece  of  14"  pegboard  to  6"  x  18".  Sand  the  front,  back,  and  edges,  and  spray  on  a  coat 
or  two  of  clear  lacquer  (this  seals  the  wood).  Cut  lengths  of  2"-x-2"  lumber  and  use 


6-10  A  simple  optical  breadboard  can  be  constructing  using  an  18-  by  6- 
inch  piece  of  {4-inch  Masonite  pegboard  and  lengths  of  2-by-2  framing 
lumber.  Cut  the  lumber  as  indicated  in  the  parts  list  in  Table  6-4. 
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Table  6-4.  Parts  list  for  mini  optical  breadboard 


1  18-  by  6-inch  sheet  !4-inch  pegboard 

2  18-inch  length  2-by-2  inch  framing  lumber 

2  3-inch  length  2-by-2  inch  framing  lumber 

2  3-inch  lengths  of  2-inch  schedule  40  PVC  (cut  lengthwise) 

4  %2  by  %-inch  bolts,  nuts,  and  washers 

2  3-inch  (approx.)  adjustable  hose  clamps 

Misc.  Nails  or  screws  for  securing  pegboard  to  framing  lumber,  rubber  feet,  or  rubber 
weather  stripping 


nails  or  screws  to  attach  the  wood  to  the  pegboard.  You  might  wish  to  substitute 
41/4"-x-J4"-x-K6"  aluminum  channel  for  the  2"-x-2"  lumber.  Refer  to  the  next  chapter 
on  how  to  use  aluminum  channel  stock. 

Cylindrical  laser  heads  mount  easily  in  a  clamp  made  with  PVC  pipe.  Cut  a 
length  of  2"  PVC  to  3".  Next,  carefully  split  the  pipe  in  half  down  the  middle  using  a 
hacksaw  or  table  saw.  Finish  all  edges  with  a  file.  Use  the  holes  already  in  the  peg- 
board  as  a  template,  and  drill  two  holes  in  each  PVC  half.  Next,  mount  the  pipe 
halves  in  the  breadboard.  Use  %2M-x-%"  bolts,  %2  nuts,  and  washers.  Before  tightening 
the  hardware,  slip  the  loose  end  of  a  3"  adjustable  hose  clamp  under  each  piece  of 
pipe.  Tighten  the  hardware  and  close  the  clamp.  Mount  small  rubber  feet  on  top  of 
the  four  bolt  heads,  then  slide  the  laser  head  into  the  mount,  as  shown  in  Fig.  6-11. 
Tighten  the  clamps. 


6-11  Secure  the  laser  on  the  breadboard  using  lengths  of  2-inch  PVC  cut  lengthwise  and  fas¬ 
tened  to  the  pegboard  with  %  hardware.  The  laser  can  be  lashed  in  place  with  an  adjustable 
car  radiator  hose  clamp. 
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You  can  mount  the  power  supply  in  a  number  of  locations,  depending  on  its  size 
and  design.  Sealed,  modular  power  supplies  can  be  mounted  on  top  of  the  bread¬ 
board  next  to  the  laser.  If  it’s  small  enough,  you  can  tuck  the  power  supply  under¬ 
neath  the  breadboard.  Unsealed  supplies  should  be  placed  in  a  protective  housing 
and  can  be  mounted  on  the  breadboard  or  simply  placed  along  side  of  it. 


7 

CHAPTER 

Construct  «ng  an 
optical  bench 

An  optical  bench  is  a  device  that  allows  you  to  experiment  with  lasers  and  optics  by 
mounting  them  securely  on  a  rigid  base.  Components  can  be  easily  added  or  deleted, 
using  any  of  a  number  of  fastening  systems,  including  nuts  and  bolts,  magnets,  sand, 
styrofoam,  or  even  clay.  The  optical  bench  is  the  equivalent  of  the  solderless  bread¬ 
board  used  in  electronics.  Once  you  are  satisfied  that  your  project  works,  you  can 
disassemble  it  and  start  on  another  project  or  re-assemble  the  components  in  a  per¬ 
manent  housing. 

A  number  of  useful  design  approaches  to  optical  benches  are  included  in  this 
chapter.  You  can  make  an  optical  bench  of  just  about  any  size,  up  to  a  practical  limit 
of  4'  x  8'.  Projects  that  follow  show  how  to  build  a  2'-x-4'  bench,  as  well  as  a  4'-x-4' 
model.  Construction  materials  are  cheap  and  easy  to  get,  and  you’re  free  to  use  more 
exotic  materials  if  you  desire. 

You’ll  also  learn  how  to  construct  components  for  an  optical  breadboard  system. 
Small,  Lego-like  blocks  can  combine  to  facilitate  just  about  any  design.  The  mount¬ 
ing  of  lenses,  mirrors,  and  other  optical  parts  is  tricky  business;  this  chapter  includes 
several  affordable  approaches  that  make  the  job  easier. 

Basic  2'-x-4'  optical  bench 

The  basic  2'-x-4'  optical  bench  is  made  completely  of  wood.  Using  the  parts  indi¬ 
cated  in  Table  7-1,  start  with  a  2'-x-4'  chunk  of  %"  pegboard. 

After  sizing  the  pegboard,  sand  the  edges  as  well  as  the  front  and  back  (the  back 
will  have  a  coarse  finish  and  the  front  will  be  smooth) .  Seal  the  wood  by  spraying  or 
brushing  on  one  or  more  coats  of  clear  lacquer  or  enamel.  Let  it  dry  completely,  then 
proceed  to  the  next  step. 

Now  for  the  frame  of  the  bench.  Cut  two  4'  lengths  of  2"-x-2"  lumber.  Use  nails 
or  screws  and  attach  the  lumber  pieces  to  the  long  sides  of  the  pegboard.  Next,  cut 
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Table  7-1.  2-by-4  foot  optical  bench  parts  list 


1  2-by-4  foot  !4-inch  pegboard 

2  48-inch  lengths  2-by-2  inch  framing  lumber 

2  18-inch  lengths  2-by-2  inch  framing  lumber 

Misc.  Nails  or  screws  to  secure  pegboard  to  lumber,  weather  stripping 


two  18"  lengths  of  2"-x-2"  lumber  and  secure  them  to  the  ends.  Center  the  18" 
lengths  so  that  there  is  an  even  gap  on  either  side.  You  can  use  just  about  any  size  of 
lumber  for  the  frame,  but  you  should  be  consistent,  in  case  you  build  more  optical 
benches.  By  using  the  same  framing  lumber,  you  maintain  a  constant  height  for  each 
bench.  Several  benches  can  be  used  together  on  a  large  table. 

Although  you  can  use  the  bench  as  is,  it’s  a  good  idea  to  paint  it  with  flat  black 
paint.  The  black  paint  helps  cut  down  light  scatter  and  also  imparts  a  more  profes¬ 
sional  look.  Rubber  feet  (for  electronics  projects)  or  rubber  or  foam  weather  strip¬ 
ping  make  good  cushions  and  shock  absorbers,  and  they  prevent  marring  desks  and 
tabletops.  Apply  the  rubber  to  the  underside  of  the  frame. 

Enhanced  4'-x-4'  optical  bench 

The  enhanced  4'-x-4'  optical  bench  is  also  made  with  V7  pegboard,  but  the  frame 
is  of  all-metal  construction.  You  may  use  aluminum  or  steel  shelving  standards  or 
VeV'-x-^-x-he"  extruded  aluminum  channel  for  the  frame. 

The  parts  list  for  the  4'-x-4'  bench  is  included  in  Table  7-2.  Use  a  hacksaw  (with 
a  fine-tooth  blade)  to  cut  the  metal  to  size  as  shown  in  Fig.  7-1.  Be  sure  to  cut  each 
piece  with  the  proper  45°  miter.  Use  a  miter  box  and  C-clamps  for  best  results.  After 
cutting,  remove  the  flash  and  rough  edges  from  the  ends  of  the  metal  with  a  file.  Se¬ 
cure  the  framing  pieces  to  the  underside  of  the  pegboard  using  %> hardware.  A 
diagram  of  the  completed  bench  is  shown  in  Fig.  7-2. 


Table  7-2.  4-by-4  foot  optical  bench  parts  list 


1  4-by-4  foot  %-inch  pegboard 

4  48-inch  lengths  %-  by  %-  by  Ke- inch  aluminum  channel  stock 
4  1 XA-  by  %-inch  flat  corner  irons 

8  %2  by  /4-inch  bolts,  nut,  lock  washers 

Misc.  Weather  stripping  or  rubber  feet  for  bottom  of  channel  stock 


Because  of  the  size  of  the  pegboard  sheet,  it  might  buckle  in  the  middle  under 
the  weight  of  a  heavy  object.  If  this  is  a  problem,  add  one  or  more  reinforcing  struts 
to  the  underside  of  the  bench.  An  extra  piece  of  shelving  (standard  or  aluminum 
channel)  can  be  mounted  down  the  center  of  the  bench.  Secure  the  extra  piece  to 
the  frame  using  Vz  angle-iron  brackets  (available  at  the  hardware  store). 
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A 


1  1/2"  x  3/8" 
Flat  Corner  Iron 


7-1  (A)  Cutting  guide  for  the  aluminum  channel  used  as  a  frame  for  the  4-by-4  foot  optical 
bench.  Be  sure  to  miter  the  ends  as  shown.  (B)  Use  1A-  by  %-inch  flat  corner  irons  to  secure 
the  ends. 
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Nut  8/32  x  1/2"  Tooth 


Stove  Bolt  Lockwasher 


Assembly  Detail 


c 


7-1  (C)  Assembly  detail  for  the  framing  pieces  and  corner  irons  showing  %2  hardware. 


7-2  The  underside  of  the  optical  bench,  showing  aluminum  channel  framing  pieces,  cor¬ 
ner  irons,  and  mounting  hardware. 


/ 
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Note:  when  drilling  through  metal,  use  only  a  new  or  sharpened  bit.  The  drill  mo¬ 
tor  should  turn  slowly — less  than  1000  rpm.  Exert  only  enough  pressure  to  bite  into 
the  metal,  not  enough  to  bend  the  metal  or  bit  while  drilling.  Remove  the  flash 
around  the  drilled  hole  with  a  file. 

As  with  the  smaller  version  of  the  optical  bench,  paint  this  one  flat  black  to  re¬ 
duce  light  reflections.  Also  be  sure  to  paint  over  the  shiny  heads  of  the  machine 
screws. 

Adding  a  sheet-metal  top 

The  pegboard  optical  bench  is  suitable  for  most  hobbyist  applications.  The  wood  is 
sturdy,  absorbs  many  vibrations,  and  is  easy  to  drill.  However,  experiments  that  re¬ 
quire  greater  precision  need  an  all-metal  optical  bench.' One  can  be  constructed  using 
medium-  to  thin-gauge  aluminum,  steel,  or  regular  sheet  metal.  Large  sheets  or  plates 
of  metal  are  not  routinely  available  at  a  hardware  store,  so  look  in  the  Yellow  Pages 
under  headings  such  as  aluminum,  metal  specialties,  sheet  metal  work,  and  steel. 

Many  sheet-metal  shops  work  with  thin-gauge  metal — #20  to  #24  or  thinner. 
This  is  too  thin  to  be  used  alone,  but  you  can  laminate  it  over  the  pegboard.  The 
thickness  of  plate  aluminum  and  steel  is  most  commonly  listed  in  inches,  not  by 
gauge.  A  Y,"  or  VC'  thick  piece  of  aluminum  or  steel  does  nicely  as  the  top  of  the  opti¬ 
cal  bench.  Steel  is  cheaper,  but  aluminum  is  easier  to  work  with.  The  average  price 
for  a  2'-x-4'  piece  of  VC  hot  rolled  steel  is  about  $25  to  $30.  The  same  size  plate  in  un¬ 
anodized  aluminum  is  approximately  three  times  as  much. 

You  might  be  lucky  and  find  an  outlet  that  sells  pre-drilled  stock.  More  than 
likely,  however,  you  have  to  do  the  work  yourself  if  you  want  the  convenience  of  pre¬ 
drilled  holes  in  your  optical  bench.  Use  a  large  carpenter's  square  to  lay  out  a  matrix 
of  lines  spaced  either  Y"  or  1"  apart  (I  prefer  holes  at  Y"  centers,  but  obviously  this 
requires  you  to  drill  four  times  as  many  holes) . 

You  might  find  it  easier  to  place  masking  tape  on  the  metal  and  mark  the  lines 
with  a  pencil.  Use  a  carbide-tipped  bit  (#19  bit  for  VC'  hardware)  and  a  heavy-duty 
drill  motor.  A  drilling  alignment  tool,  available  as  an  option  for  many  brands  of  drill 
motors,  helps  to  make  perpendicular  holes. 

Using  plastic  instead  of  metal 

Another  approach  to  the  benchtop  is  acrylic  plastic  (Plexiglas,  Lexan,  and  so  forth). 
The  advantages  of  plastic  are  that  it  is  extremely  strong  for  its  weight  and  is  easier 
to  work  with  than  metal.  A  steel  top  adds  considerable  weight  to  the  bench  (which 
in  some  cases  is  desirable),  and  a  plastic  top  adds  little  weight. 

A  2'-x-4'  piece  of  VC'  or  Y"  acrylic  plastic  costs  $6  to  $8;  you  can  buy  sheets  of 
plastic  at  most  plastic  fabricator  outlets.  Have  them  cut  the  plastic  to  size  and  finish 
the  edges.  You  can  drill  through  the  plastic  for  the  mounting  holes  using  a  regular  bit, 
but  better  results  are  obtained  when  using  a  special  plastic/glass  drill  bit. 

Using  optical  benches 

Because  pegboard  stock  already  has  holes,  you  probably  won’t  need  to  drill  new  ones 
to  mount  the  laser  and  other  optical  components.  The  holes  are  pre-drilled  with  bet- 
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ter-than-average  accuracy  so  that  you  can  use  them  for  alignment.  You  can  place  a 
series  of  mirrors  and  lenses  along  one  row  of  holes,  for  example,  and  they  will  all  line 
up  to  one  another. 

There  might  be  occasion,  however,  to  drill  new  holes  in  the  pegboard.  Extra 
holes  04"  or  #19  bit  for  8/4"  hardware)  should  be  %"  or  more  away  from  existing  holes, 
or  the  bit  might  slip  while  you  are  drilling.  Schemes  for  mounting  the  laser  and  opti¬ 
cal  components  appear  later  in  this  chapter. 

As  you  complete  a  project  or  make  changes  to  an  existing  experiment,  keep 
notes  and  record  the  placement  of  all  components.  You  might  want  to  mark  the  rows 
and  columns  of  holes  as  a  reference  for  indicating  the  location  of  components.  For 
example,  you  can  mark  all  the  rows  with  a  letter  and  all  columns  with  a  number.  A 
mirror  placed  at  the  intersection  of  C6  could  be  marked  on  a  piece  of  graph  paper. 
You  can  develop  your  own  shorthand  for  identifying  various  optical  components,  but 
here  are  some  suggestions: 


S-FSM 

Small  front- surface  mirror 

L-FSM 

Large  front-surface  mirror 

P-BS 

Plate  beam  splitter 

C-BS 

Cube  beam  splitter 

RAP 

Right-angle  prism 

EQP 

Equilateral  prism 

SPP 

Special  prism 

POL 

Polarizer 

EXP 

Beam  expander 

SPA 

Spatial  filter 

L(XXX) 

Lens  (with  type,  size,  and  focal  length) 

You  might  also  want  to  provide  shorthand  notation  for  any  special  components 
you  use,  such  as  single  and  double  slits,  diffraction  gratings,  optical  fibers  and  fiber 
couplers,  diode  lasers,  LEDs,  sensors,  and  more. 

Optical  breadboard  components 

Small  versions  of  the  optical  benches  described  in  the  last  section  make  perfect  op¬ 
tical  breadboards.  Each  breadboard,  measuring  perhaps  8"  x  12",  can  contain  a  com¬ 
plete  optical  sub-assembly,  such  as  a  laser  and  power  supply  (as  described  in  the 
previous  chapter),  beam  expander,  beam  director  or  splitter,  sensing  element,  or 
lens  array.  You  can  construct  a  breadboard  for  each  sub-assembly  that  you  com¬ 
monly  use.  For  example,  if  you  often  experiment  with  lasers  and  fiberoptics,  one 
breadboard  would  consist  of  a  laser/power  supply  and  the  other  a  fiberoptic  cou¬ 
pling,  cable,  and  sensor. 

Construct  the  small  breadboards  in  the  same  fashion  as  the  larger  optical  benches 
detailed  earlier  in  this  chapter.  Use  the  same  materials  for  each  breadboard  to  main¬ 
tain  consistency.  Several  sizes  of  breadboards  are  shown  in  Fig.  7-3.  Use  the  scrap  from 
the  construction  of  the  optical  bench  for  the  short  lengths  of  framing  pieces. 

To  use  the  breadboard  pieces,  lay  them  out  like  building  blocks  on  a  large,  flat 
surface.  The  dining  room  table  is  a  good  choice,  but  be  sure  to  place  a  drop  cloth  or 
large  piece  of  paper  on  the  table  surface  to  prevent  marring  and  scratching.  You  can 
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7-3  Suggestions  for  possible  sizes  for  optical  breadboards.  Of  course,  you  can  make 
your  breadboards  any  size  you  wish. 

also  add  rubber  feet,  rubber  weather  stripping,  or  foam  weather  stripping  to  the  bot¬ 
tom  of  the  breadboard  pieces. 

Lay  out  the  pieces  in  the  orientation  you  require  for  the  project.  If  you’ve  used 
paper  as  a  drop  cloth,  you  can  draw  on  it  to  mark  the  edges  of  the  breadboards.  This 
is  helpful  in  case  you  want  to  repeat  an  experiment  and  need  to  replace  the  bread¬ 
board  pieces  in  the  same  spot. 

Laser  and  optics  mounts 

The  optical  bench  or  breadboard  serves  as  a  universal  surface  for  mounting  lasers 
and  various  optical  components.  The  type  of  mounting  you  use  for  your  laser  and  op- 
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tics  depends  on  their  individual  design,  and  most  parts  can  be  successfully  secured 
to  a  bench  or  breadboard  using  one  or  more  of  the  following  techniques.  Keep  in 
mind  that  you  might  need  to  adjust  the  dimensions  and  design  for  each  mounting 
configuration  to  conform  to  your  particular  components. 

Laser  mounts 

One  of  the  most  versatile  yet  easiest  to  construct  laser  mounts  uses  a  piece  of  2"  (in¬ 
side  diameter)  PVC  cut  in  half  lengthwise.  Building  plans  are  provided  in  Chapter  6. 
The  mount  is  designed  for  use  with  cylindrical  laser  heads — either  commercially 
made  versions  or  ones  you  build  yourself  using  bare  laser  tubes. 

Another  approach  to  laser  mounting  is  shown  in  Fig.  7-4.  A  pipe  hanger,  de¬ 
signed  for  electrical  and  plumbing  pipe,  secures  a  bare  laser  tube  to  the  optical 
bench.  This  approach  is  not  recommended  unless  you  shield  the  tube  with  an  insu¬ 
lating  box  or  cover  the  anode  and  cathode  terminals  on  the  laser  with  high-voltage 
putty  or  high-voltage  heat-shrinkable  tubing. 


End  view 


7-4  Cylindrical  laser  heads  can  be  secured  to  optical  benches  and  breadboards  using  pipe 
hangers.  Choose  a  hanger  large  enough  to  accommodate  the  diameter  of  the  laser  and  avoid 
over- tightening. 


Pipe  hangers  come  in  various  sizes  to  accommodate  pipe  from  Vz  to  2Vz"  (outside 
dimension  is  approximately  %"  to  3").  Get  a  size  large  enough  to  easily  fit  the  tube. 
Add  a  few  layers  of  plastic  tape  around  the  tube  where  the  hanger  touches.  Do  not 
overtighten  the  hanger  or  you  run  the  risk  of  cracking  or  breaking  the  tube!  You  may 
use  bigger  hangers  to  mount  cylindrical  laser  heads.  Most  commercially  manufac¬ 
tured  cylindrical  heads  measure  1.74"  in  diameter  and  can  be  successfully  mounted 
using  a  lVz  or  2"  hanger.  All-in-one  lab  lasers  (commercial  or  home-built)  don’t  usu¬ 
ally  need  mounting  because  their  housing  lets  you  place  them  just  about  anywhere, 
yet  some  projects  require  you  to  secure  the  laser  to  the  optical  bench  so  that  it 
doesn’t  move.  Use  straps  or  wood  blocks  to  hold  the  laser  in  place,  or  drill  mounting 
holes  in  the  housing  and  attach  the  laser  to  the  bench  using  nuts  and  bolts.  The  lat¬ 
ter  technique  is  not  recommended  if  you  are  using  a  commercially  made  lab  laser  be¬ 
cause  any  modification  voids  its  CDRH  certification.  Your  own  home-built  lab  laser 
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Table  7-3.  Tube  hanger 
laser  mount  system  parts  list 


2  Plumbing  pipe  hanger  (see  text  for  diameters) 

2  %  by  %-  or  1-inch  carriage  bolts,  nuts,  lock  washers 

2  %2  by  /4-inch  bolts,  nuts,  and  lock  washers 


(as  detailed  in  Chapter  6)  can  be  modified  by  locating  a  spot  inside  where  the  hard¬ 
ware  will  not  interfere  with  the  tube  or  power  supply. 

Lens  mounts 

Lenses  present  a  problem  to  the  laser  experimenter  because  they  come  in  all  sizes 
and  shapes.  Unless  you  are  very  careful  about  which  lenses  you  buy  (and  purchase 
them  new  from  prime  sources),  you  will  have  little  choice  over  the  exact  diameter  of 
lenses  you  use.  That  makes  it  hard  to  build  lens  mounts  using  tubing  and  retaining 
rings,  which  come  in  only  a  few  standard  sizes.  Another  problem  is  that  many  lenses 
suitable  for  laser  experiments  are  small,  which  makes  them  difficult  to  handle. 

With  a  bit  of  ingenuity,  however,  you  can  make  simple  lens  holders  for  most  any 
size  lens  you  encounter.  The  basic  ingredient  is  patience  and  a  clean  working  envi¬ 
ronment.  As  much  as  possible,  handle  lenses  by  the  edges  only  and  work  in  a  well-lit, 
clean  area — free  from  dust,  cigarette  smoke,  and  other  contaminates. 

A  basic  lens  mount  is  shown  in  Fig.  7-5,  and  is  useful  for  lenses  as  small  as  4  mm 
to  as  large  as  30  mm.  Start  by  cutting  a  ledge  in  one  end  of  a  piece  of  %"  PVC  pipe 
coupling.  Use  a  fine-toothed  hacksaw  to  make  two  right-angle  cuts.  Smooth  the 
rough  edges  with  a  file  or  wet/dry  sandpaper  (used  dry).  Next,  use  a  caliper  or  ac¬ 
curate  steel  rule  to  measure  the  diameter  of  the  lens.  Choose  a  drill  bit  just  slightly 


7-5 

One  of  the  best  (and  easiest) 
way  to  mount  a  lens  is  inside 
one  wall  of  a  piece  of  PVC  pipe 
or  coupler.  You  can  make  the 
hole  the  same  size  as  the  lens 
(for  a  friction  fit)  or  slightly 
smaller  (glue  the  lens  on  the 
outside  wall  of  the  pipe  using 
all-purpose  adhesive) . 
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smaller  than  the  diameter  of  the  lens,  and  drill  a  hole  in  the  remaining  stub  on  the 
pipe  coupler.  Remember:  you  can  always  enlarge  a  hole  to  accommodate  the  lens, 
but  you  can’t  make  it  smaller. 

Press  the  lens  into  the  hole.  Don’t  exert  excessive  pressure  or  you  might  crack 
the  lens.  If  the  hole  is  too  small,  use  a  larger  bit  or  enlarge  the  hole  with  a  fine  rat-tail 
file  (the  kind  designed  for  model  building  works  nicely) .  After  careful  drilling  and  fil¬ 
ing,  you  should  be  able  to  pop  the  lens  into  the  hole,  but  still  have  enough  friction-fit 
to  keep  it  in  place.  The  lens  is  not  mounted  permanently,  so  it  can  be  removed  if  you 
have  another  use  for  it.  Clean  the  lens  using  an  approved  lens  cleaner.  Refer  to  Chap¬ 
ter  3  for  details  on  lens  care  and  cleaning. 

The  PVC  coupling  holder  can  be  mounted  on  the  optical  bench  in  a  number  of 
ways.  Several  methods  are  shown  in  Fig.  7-6.  The  hole  for  the  thumbscrew  does  not 
require  tapping,  but  tapping  makes  the  job  easier.  Use  a  Mo"  or  thumbscrew  or  reg¬ 
ular  panhead  machine  bolt  as  the  set  screw.  The  hardware  used  for  mounting  the 
holder  on  the  bench  is  a  %"  or  M"  20  carriage  bolt,  secured  in  place  with  a  threaded 
rod  coupler  (cut  the  coupler  if  it  is  too  long  for  the  PVC  holder).  You  can  adjust  the 
height  and  angle  of  the  lens  by  loosening  the  thumbscrew  and  adjusting  the  holder. 


Wood 

dowel 


1"  X  10/24  bolt 


1"  X  1/2"  comer 
angle  bracket 


Thumbscrew 


ew  ^4 


3/4"  X  10/24  bolt 


End  cap 


1  1/2"  X  10/24 
bolt 


Pegboard 
base 
1  1/2"  X  10/24 
bolt 


7-6  Various  ways  to  attach  PVC  pipe  to  a  pegboard  optical  bench.  If  the  bench  is  ferrous 
metal  (steel  not  aluminum) ,  you  can  build  a  nifty  magnetic  base  by  gluing  a  magnet  to  the 
bottom  of  the  pipe. 

White  PVC  plastic  can  cause  light  to  scatter,  so  you  might  want  to  coat  the  lens 
holders  with  flat  black  paint.  The  small  spray  paints  sold  by  Testor  (and  available 
wherever  model  supplies  are  sold)  adhere  well  to  PVC. 

The  PVC  pipe  can  be  used  simply  as  a  holder  for  mirrors,  beam  splitters,  and  other 
components.  A  length  of  1-  or  1 14"  PVC,  pressed  in  a  vise,  can  be  used  to  hold  thin  Ma¬ 
sonite  board  or  acrylic  plastic.  You  can  mount  mirrors,  lenses,  plate  beam  splitters, 
and  other  components  on  the  Masonite.  Cut  the  Masonite  to  a  width  just  slightly  larger 
than  the  inside  diameter  of  the  PVC  (1 M"  for  schedule  40  1M"  PVC).  Clamp  the  pipe  in 
a  vise  until  it  deforms  into  an  ellipse.  Stick  the  Masonite  board  in  the  pipe  and  slowly 
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release  the  vise.  The  pipe  will  spring  back  into  shape,  holding  the  Masonite.  You  can 
also  directly  mount  thick  plate  beam  splitters  and  mirrors  into  the  PVC.  Don't  try  it 
with  thin  optics,  or  they  could  shatter  as  the  PVC  springs  back  into  shape. 

A  way  to  mount  lenses  of  almost  any  size  is  to  tack  them  on  a  piece  of  %"  acrylic 
plastic.  The  acrylic  pieces  needn’t  be  much  larger  than  the  lens  itself,  but  you  should 
allow  room  for  mounting  hardware.  Black  plastic  with  a  matte  finish  is  the  all-around 
best  choice,  although  you  can  always  coat  the  plastic  with  black  matte  paint. 

Drill  a  hole  in  the  plastic  just  smaller  than  the  lens,  leaving  enough  room  for  the 
edges  of  the  lens  to  make  contact  with  the  plastic.  After  drilling,  place  the  lens  di¬ 
rectly  over  the  hole.  Apply  two  or  three  small  dabs  of  all-purpose  adhesive  (such  as 
Duco  cement)  to  the  outside  edges  of  the  lens.  Use  a  syringe  applicator  or  toothpick 
to  dab  on  the  adhesive. 

Be  sure  that  no  “strings”  of  the  cement  cover  or  come  in  contact  with  the  usable 
area  of  the  lens.  If  you  make  a  mistake,  immediately  remove  the  lens,  wash  it  in  wa¬ 
ter,  and  clean  the  lens  with  approved  cleaner.  Although  you  can  remove  undried  ce¬ 
ment  with  chemicals,  such  as  acetone  and  lacquer  thinner,  these  compounds  could 
have  an  adverse  effect  on  lens  coatings. 

Some  lenses  are  square  (as  opposed  to  round)  and  can  be  mounted  on  the  top  of 
a  short  length  of  PVC  pipe  or  small  piece  of  V&  acrylic  plastic.  Be  sure  to  mount  the  lens 
perpendicular  to  the  plastic,  or  the  laser  beam  might  not  follow  the  path  you  want. 

Let  the  adhesive  dry  completely,  then  mount  the  lens  and  holder  as  shown  in  Fig. 
7-7.  The  illustration  provides  a  number  of  mounting  techniques.  In  one,  the  holder  is 
mounted  to  a  pipe,  which  is  attached  to  the  shaft  of  a  bolt.  The  length  of  the  bolt  de¬ 
pends  on  the  size  of  the  holder  and  lens,  but  it  is  generally  between  1"  and  3"  long.  You 
can  alter  the  height  of  the  bolt  by  adjusting  the  mounting  nuts,  as  illustrated  in  Fig.  7-8. 
Parts  lists  for  the  lens-mounting  systems  are  included  in  Table  7-4. 

Round  lenses  measuring  between  21  and  26  mm  in  diameter  can  be  inserted  in¬ 
side  %"  PVC  coupling.  The  lenses  are  held  in  place  with  thin  pieces  of  %"  pipe.  Follow 
the  instructions  shown  in  Fig.  7-9.  Cut  a  %"  slip  coupling  in  half,  and  discard  the  in- 


hardware 


7-7  Two  ways  to  mount  lenses  to  acrylic  plastic,  and  howr  to  secure  the  plast  ic  to  the  optical  bench.  You  can 
use  angle  irons  (available  at  the  hardware  store)  or  insert  the  plastic  into  a  short  length  of  PVC  pipe. 
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Extra  bolt 
inside  pipe 


Adjust  nuts 
to  change  height 


Thread  dowel  or 
use  retaining  nut 


7-8 

A  set  of  nuts  and  a  long  bolt 
allows  you  to  adjust  the  height 
of  the  PVC  pipe  in  relation  to  the 
surface  of  the  optical  bench. 


nermost  portion  to  avoid  the  raised  pipe-end  stops.  Thoroughly  smooth  the  ends 
with  a  file,  fine-grit  sandpaper,  or  grinding  wheel.  Next,  cut  two  Vs  to  %"  pieces  of 
%"  PVC  pipe,  sand  the  edges,  and  insert  one  into  the  coupling  (the  inside  diameter  of 
the  coupling  is  tapered  so  that  the  pipe  will  only  fit  one  way).  Drop  in  the  lens,  cen¬ 
ter  it,  and  press  in  the  other  small  piece  of  pipe. 

You  can  use  the  mounted  lens  in  a  number  of  ways,  including  cementing  it  to  a 
PVC  holder  (using  PVC  solvent  cement)  or  using  it  in  the  optical  rail  system  de¬ 
scribed  later  in  this  chapter.  As  mentioned  before,  the  white  PVC  pipe  can  cause 
light  scattering.  Reduce  the  scatter  by  painting  the  coupling  and  pipe  pieces  flat 
black.  If  you  must  use  smaller  lenses,  V"  PVC  pipe  couplers  accommodate  optics  be¬ 
tween  16  and  21  mm  in  diameter. 

Advanced,  adjustable  lens  holders  are  shown  in  Fig.  7-10.  These  can  be  made  us¬ 
ing  metal  or  acrylic  plastic  and  require  some  precision  work  on  your  part.  The  hold¬ 
ers  are  adjustable  and  can  be  used  with  most  any  size  of  circular  lenses.  On  one, 
change  the  size  by  loosening  the  holding  screws  and  sliding  the  top  along  the  rails. 
Clamp  the  lens  in  place  by  turning  the  top  screw.  Delete  the  rounding  on  the  bottom 
when  using  cylindrical  or  square  lenses. 

Mirror  mounts 

Front-surface  mirrors  are  often  used  to  redirect  the  beam  or  to  increase  or  decrease 
its  height  in  relation  to  the  surface  of  the  bench.  A  simple  mirror  mount,  using  just 
about  any  thickness  and  size  of  mirror,  is  shown  in  Fig.  7-11.  Here,  %"  PVC  pipe  is  cut 
into  short  V7  sections  with  a  mirror  glued  onto  one  end  and  a  hole  drilled  through  the 
top  and  bottom.  Mounting  hardware,  such  as  %"  or  !4"  20  (detailed  in  Table  7-5),  is 
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Table  7-4.  Lens  holders  and  mounts  parts  list 


For  PVC  Lens  Mount/Thumbscrew  Adjustable  Height  (Fig.  7-9) 

1  %-  or  1-inch  schedule  40  PVC  pipe,  length  2-5  inches 

1  2-4-inch  length  of  %-  or  1-inch  wood  dowel  (trim  to  fit  in  pipe) 

1  %z  machine  thumbscrew 

1  %  by  1-inch  bolt,  nut 

2  #10  flat  washers 

For  PVC  Lens  Mount/Angle  Bracket  Bench  Mount  (Fig.  7-9) 

1  %-  or  1-inch  schedule  40  PVC  pipe,  length  2-5  inches 

1  %  by  1  !Vinch  bolt,  nut,  washer 

1  %by  %-inch  bolt,  nut,  washer 

1  1-  by  /Cinch  corner  angle  bracket 

For  PVC  Lens  Mount/Bolt  Adjustable  Height  (Fig.  7-9) 

1  %-  or  1-inch  schedule  40  PVC  pipe,  length  2-5  inches 

1  %-  or  1-inch  PVC  end  cap 

1  %  by  launch  bolt 

4  %  nuts,  flat  washers 

For  Simple  Lens  Holder  Only  (Fig.  7-11) 

1  Yz-  by  %-inch  /iinch  thick  acrylic  plastic  (adjust  size  to  accommodate  lens) 
For  Simple  Lens  Holder  and  Bench  Mount  (Fig.  7-11) 

1  Yz-  by  %-inch  /Cinch  thick  acrylic  plastic  (adjust  size  to  accommodate  lens) 

1  1-  by  /Cinch  corner  angle  bracket 

2  %2-  by  /Cinch  bolts,  nuts,  split  lock  washers 

For  PVC  Lens  Holder  and  Mount/Adjustable  Height  (Fig.  7-12) 

1  lA-  by  %-inch  /Cinch  thick  acrylic  plastic  (adjust  size  to  accommodate  lens) 

1  %-  or  1-inch  schedule  40  PVC  pipe,  length  2-5  inches 

1  2-4-inch  length  of  %-  or  1-inch  wood  dowel  (trim  to  fit  in  pipe) 

1  2-4-inch  length  %z  threaded  rod 

4  %2  nuts,  flat  washers 


7-9 

Lenses  can  be  mounted  inside  a 
%-inch  PVC  clip  coupling  using 
the  scheme  shown  in  this 
diagram.  The  retaining  pieces 
are  small  slivers  of  /Cinch  PVC. 
Paint  all  parts  flat  black  to 
prevent  light  scatter. 


Retaining  pieces 
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Thumbscrew 
(for  tightening  lens) 


Mounting  post 


Adjustment  rails 
(for  adjusting  to  size 
of  lens) 


Holding  screws 


Padded  stopper 


Positioning  screws 


7-10  Two  ways  to  construct  advanced  lens  holders. 
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3/4”  PVC 


irror  7-1 1 

Build  a  simple  mirror  mount  by 
gluing  the  length  to  a  short 
length  of  %-inch  PVC.  Mount  the 
PVC  to  the  optical  bench  with  a 
nut  and  bolts.  Adjust  the  height 
and  angle  of  the  mirror  by 
turning  the  bolts. 


Table  7-5.  Mirror  mounts  parts  list 


For  Stem  PVC  Pipe  Mount  (Fig.  7-15) 

1  1 -4-inch  length  %  machine  bolt 

1  !4-inch  length  %-inch  schedule  40  PVC  pipe 
3  %  nuts,  flat  washers 

For  Swivel  PVC  Pipe  Mount  (Fig.  7-16) 

1  %  by  114-inch  bolt,  washer,  nut 

1  /4-inch  length  %-inch  schedule  40  PVC  pipe 
1  %2  by  14-inch  bolt,  washer  nut 


used  to  secure  the  pipe  to  the  optical  bench.  You  can  swivel  the  mirror  right  and  left 
by  loosening  the  retaining  nut.  By  attaching  the  mirror/pipe  to  an  angle-iron  bracket, 
as  illustrated  in  Fig.  7-12,  you  can  provide  two  axes  of  freedom — right  and  left,  and 
up  and  down. 

Because  you  might  never  know  what  you’ll  need  to  complete  an  optical  experi¬ 
ment,  build  several  mounted  mirrors  in  the  following  configurations  (note  that 
“small”  means  approximately  14"  square  and  “large’  means  1"  square). 

•  Small  mirror  mounted  to  %"-x-l"  bolt  (bench  hugger) 

•  Small  mirror  mounted  to  %"-x-214"  bolt 

•  Large  mirror  mounted  to  14"  20-X-3"  bolt 

•  Small  mirror  mounted  to  14"  angle-iron  bracket  and  %"-x-l"  bolt 

•  Small  mirror  mounted  to  14"  angle-iron  bracket  and  %"-x-2"  bolt 

•  Large  mirror  mounted  to  114"  angle-iron  bracket  and  14"  20-X-3"  bolt 

You  can  make  other  mounts  by  using  different  mirrors,  bolt  lengths,  and  angle- 
iron  sizes,  as  needed.  Be  sure  that  the  mirror  is  small  enough  to  clear  any  hardware. 
For  instance,  an  overly  large  mirror  might  interfere  with  the  angle  bracket. 

Commercially  made  mirror  mounts  are  occasionally  available  from  surplus 
sources.  The  components  are  optically  flat,  dielectric  mirrors  often  designed  for  use 
with  helium-neon  lasers.  The  mounts  can  be  secured  to  the  bench  in  a  variety  of 
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7-12 

A  swivel  mirror  mount  (allowing 
two  degrees  of  freedom)  can  be 
built  using  PVC  pipe  and  angle 
iron.  Choose  the  size  of  angle 
iron  to  fit  the  application. 


ways  including  angle  irons,  hold-down  brackets,  and  clamps.  Many  of  the  mounts 
come  with  holes  pre-drilled  and  pre-tapped  at  Vz  or  1"  centers.  The  holes  can  be  used 
to  facilitate  quick  and  easy  mounting  to  the  bench. 

The  major  benefit  of  commercially  made  mirror  mounts  is  their  precision.  Many 
have  fine-threaded  screws  for  adjusting  the  inclination  or  angle  of  the  mirror.  If 
you're  handy  with  tools,  you  can  fashion  your  own  precision  mirror  mounts  from  alu¬ 
minum  or  plastic.  Best  results  are  obtained  when  you  use  a  precision  metal-working 
lathe  or  mill. 

Another  method  of  mounting  mirrors,  popular  among  holographers,  is  depicted 
in  Fig.  7-13.  Here  a  mirror  is  cemented  inside  a  nook  that  is  sawed  into  a  piece  of  1!4" 
PVC  pipe.  The  pipe  can  be  mounted  on  a  stem,  placed  in  sand  (see  the  following  and 
Chapters  17  and  18),  or  simply  balanced  on  the  bench.  You  can  mount  extra  large 
mirrors  on  the  pipe  (use  bigger  pipe)  and  the  pipe  pieces  can  be  any  length  to  suit 
your  requirements. 


7-13 

A  mounting  method  popular 
with  holographers  is  to  glue  the 
mirror  onto  a  piece  of  scooped- 
out  PVC  pipe. 
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One  method  of  securing  the  pipe  is  to  use  a  dowel  and  short  piece  of  PVC.  Se¬ 
cure  the  dowel  inside  a  short  pipe  end  (%"  to  1"  long).  This  pipe  holds  the  mirror.  A 
thumbscrew  set  in  another  length  of  pipe  (1"  to  4")  lets  you  adjust  the  height  of  the 
mirror.  The  bottom  pipe  piece  can  be  secured  to  the  bench  using  hardware  or  a  mag¬ 
net.  The  magnet  obviously  requires  a  metal  benchtop.  You  can  add  metal  to  a  wood 
benchtop  with  pieces  of  galvanized  sheet  metal.  Small  squares  (up  to  about  6"  x  12") 
are  available  at  many  better  hardware  stores.  The  sheet  metal  comes  with  holes  pre¬ 
drilled  and  can  be  cut  to  size  with  a  hacksaw. 

Cement  the  mirror  in  the  pipe  using  gap-filling  glue  (Duco  works  well,  and  the 
mirror  can  be  removed  later,  if  necessary).  On  occasion,  you  might  want  to  make  the 
mirror  mount  temporary,  for  example,  if  you  have  one  extra-nice  mirror  and  don’t 
want  to  commit  it  to  any  one  type  of  mount.  You  can  temporarily  secure  the  mirror 
to  the  pipe  using  florist  or  modeling  clay.  Build  up  a  bead  of  clay  around  the  pipe  and 
press  the  mirror  into  place.  You  can  vary  the  angle  of  the  mirror  by  adding  extra  clay 
to  one  edge. 

Mounting  prisms,  beam  splitters,  and  other  optics 

Prisms  and  beam  splitters  require  unusual  mounting  techniques.  A  porro  prism,  of¬ 
ten  found  in  binoculars  and  a  common  find  on  the  surplus  market,  can  be  used  as 
laser  retroreflectors  (or  corner  cubes).  The  prisms  act  as  mirrors  where  the  axis  of 
the  outgoing  beam  is  offset,  yet  parallel,  from  the  incoming  beam.  You’ll  find  plenty 
of  uses  for  porro  prisms,  including  using  them  to  change  the  height  of  the  beam  over 
the  bench. 

The  porro  prism  is  easy  to  mount  on  a  small  piece  of  Vs"  acrylic  plastic.  Cut  the 
plastic  to  accommodate  the  size  of  prism  you  have.  Secure  the  plastic  holder  on  a 
sliding  post  mount  (as  described  for  mirror  mounting)  and  you  have  control  over  the 
height  and  angle  of  the  prism. 

A  prism  table  is  a  device  that  acts  as  a  vise  to  clamp  the  component  in  place.  The 
table  can  be  used  with  most  any  type  or  shape  of  prism.  A  basic  design  is  shown  in 
Fig.  7-14;  the  parts  list  is  provided  in  Table  7-6.  Construct  the  table  using  small  alu¬ 
minum,  brass,  or  plastic  pieces.  The  thumbscrew  is  a  %2n-x-l"  bolt;  the  top  of  the 
table  is  threaded  to  accommodate  the  bolt. 

Beam  splitters  require  an  open  area  for  both  reflected  and  refracted  beams.  Cube 
beam  splitters  can  often  be  used  in  prism  tables.  Alternatively,  you  can  build  a  num¬ 
ber  of  different  mounts  suitable  for  both  cube  and  plate  beam  splitters,  as  shown  in 
Fig.  7-15.  The  idea  is  to  not  block  the  back  or  exit  surface (s)  of  the  component. 

Filters  can  be  secured  using  adjustable  lens  mounts,  as  described.  Commercially 
available  filter  holders  designed  for  photographic  applications  (camera  and  dark¬ 
room)  can  also  be  used.  Filters  can  be  mounted  on  plastic  or,  if  small  enough,  held  in 
place  inside  a  PVC  pipe. 

Advanced  optical  system  design 

The  projects  in  this  section  deal  with  advanced  optical  system  design.  Included  are 
plans  on  building  an  optical  rack  for  testing  lenses  and  their  effect  on  the  laser  beam, 
as  well  as  motorizing  mirrors,  beam  splitters,  and  other  components  for  remote  con- 
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Padded  stopper 


Prism 


►Thumbscrew 


Mounting  post 


7-14  A  prism  o.r  cube  beam  splitter  table  can  be  constructing  us¬ 
ing  ordinary  hardware  and  acrylic  plastic.  Secure  the  component 
by  tightening  the  thumbscrew. 


Table  7-6.  Prism  table  parts  list 


2  3-inch  lengths  of  54-by-!4  inch  acrylic  plastic  square  extruded  rod 
2  3-inch  lengths  %i-inch  diameter  acrylic  plastic  round  extruded  rod 
1  %  by  2-inch  thumbscrew  with  knurled  knob 

1  %  by  ]^-inch  flat  heat  machine  bolt  (for  mounting  post) 

2  %  nuts,  washers 

1  Yz-by-Yz  inch  padded  rubber 


trol  or  computerized  applications.  You  can  adopt  these  plans  for  any  number  of  differ¬ 
ent  optical  system  requirements,  such  as  laser  light  shows,  laboratory  experiments, 
laser  rangefinders,  and  more. 

Building  an  optical  rack 

An  optical  rack  provides  a  simple  means  of  experimenting  with  optical  components, 
such  as  lenses  and  filters.  A  common  optical  rack  used  by  hobbyists  is  the  meter  or 
yardstick.  You  place  various  clamps  along  the  length  of  the  stick  to  mount  optical 
components.  Meter  sticks  and  their  clamps,  such  as  the  set  shown  in  Fig.  7-16,  are 
available  from  a  number  of  sources,  including  Edmund  Scientific.  The  clamps  hold 
only  lenses  of  certain  sizes  (usually  1"  or  25  mm),  so  be  sure  you  get  lenses  to  match. 

Another  approach  to  the  optical  rack  is  shown  in  Fig.  7-17.  Here,  aluminum 
channel  is  used  as  a  “trough”  for  the  optical  components.  The  lenses  are  mounted  in 
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7-15  Plate  beam  splitters  can  be  attached  to  an  optical  bench  by  insert¬ 
ing  them  into  a  length  of  PVC  or  by  gluing  them  onto  a  small  angle 
bracket.  Be  sure  you  can  adjust  the  angle  of  the  beam  splitter  and  the 
transmitted  and  reflected  beams  are  not  obscured. 


7-16  A  meter  (actually  yard)  stick  with  inexpensive  optical  components  attached.  The  stick 
provides  an  easy  way  to  align  optics  and  measure  their  distances. 
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7-17  A  homemade  optical  rail  can  be  constructed  using  aluminum  channel  and  lenses 
mounted  inside  PVC  pipe. 


tubes,  such  as  PVC  or  brass  pipe.  Each  lens  is  centered  in  the  tube  and  the  outside 
dimension  of  the  pipe  is  the  same  for  all  components.  That  means  the  light  will  pass 
through  the  optical  center  of  each  lens.  You  may  use  smaller  or  larger  tubes  for  some 
components,  but  you  must  adjust  the  optical  axis  with  shims  or  blocks. 

Cut  a  piece  of  W-x-V-x-he"  aluminum  channel  stock  to  whatever  length  you 
need  for  the  rack.  A  1'  to  3'  length  should  be  sufficient.  Mount  the  lenses  (and/or  fil¬ 
ters)  in  PVC  pipe,  as  explained  in  the  lens-mounting  section  previously  in  this  chap¬ 
ter.  With  %"  PVC,  you  are  limited  to  using  lenses  that  measure  between  21  mm  and 
26  mm  in  diameter.  That  comprises  a  large  and  popular  (not  to  mention  inexpen¬ 
sive)  group  of  lenses,  so  you  should  have  no  trouble  designing  most  any  optical  sys¬ 
tem  of  your  choice.  When  using  V"  PVC,  you  can  use  lenses  with  diameters  between 
16  mm  and  21  mm. 

A  sample  lens  layout  using  the  optical  rack  is  shown  in  Fig.  7-18.  A  parts  list  is 
provided  in  Table  7-7.  The  two  lenses  together  comprise  a  beam  expander,  which  is 
a  common  optical  system  in  laser  experiments.  The  laser  beam  is  first  diverged  us¬ 
ing  a  plano-concave  or  double-concave  lens  and  is  then  collimated  using  a  plano-con¬ 
vex  or  double-convex  lens.  The  focal  length  of  the  plano-convex  (or  double-convex) 


Bi-concave  lens 


Bi-convex  lens 


7-18  A  bi-concave  (or  double-concave)  lens  and  a  bi-convex  lens  make  a  laser-beam  ex¬ 
pander.  Adjust  the  distance  between  lenses  to  match  the  focal  length  of  the  bi-convex  lens. 
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Table  7-7.  Optical  rack  beam  collimator  parts  list 


1  1-3  foot  length  of  by  9/w-  by  Ko-inch  extruded  aluminum  channel  stock 

1  Bi-convex  lens,  in  %-inch  PVC  holder 
1  Bi-concave  lens,  in  %-inch  PVC  holder 


lens  determines  whether  the  beam  will  be  collimated  for  focusing  to  a  point.  You  can 
experiment  with  different  lenses  and  distances  until  you  get  the  results  you  want. 

A  good  way  to  use  the  rack  is  to  calculate  on  paper  the  effects  of  the  lenses  in 
the  system.  Then,  see  if  your  figures  hold  true.  Armed  with  some  basic  optical  math 
(see  Appendix  B  for  a  list  of  books  that  provide  formulas),  you  should  be  able  to 
compute  the  result  of  just  about  any  two-  or  three-lens  combination. 
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CHAPTER 

Laser  optics  experiments 


You  can  use  lasers  for  almost  any  experiments  customarily  associated  with  a  non-co- 
herent  or  white  light  source.  For  example,  laser  light  refracts  and  reflects  the  same 
as  ordinary  light,  allowing  you  to  use  a  laser  for  experimenting  with  or  testing  the  ef¬ 
fects  of  refraction  and  reflection. 

Moreover,  laser  light  provides  some  distinct  advantages  over  ordinary  white  light 
sources.  The  light  from  a  laser — such  as  a  helium-neon  tube — is  highly  collimated. 
The  pencil-thin  beam  is  easily  controllable  without  the  use  of  supplementary  lenses. 
That  makes  routine  optics  experiments  much  easier  to  perform. 

Because  laser  light  is  comprised  of  so  much  intense,  compact  illumination,  you 
can  readily  use  it  to  demonstrate  or  teach  the  effects  of  diffraction,  total  internal  re¬ 
flection,  and  interference.  When  using  ordinary  light  sources,  these  topics  remain 
abstract  and  hard  to  comprehend  because  they  are  difficult  to  show.  But  with  laser 
light,  the  effects  are  clearly  visible.  You  can  readily  see  the  effects  of  diffraction  and 
other  optical  phenomena  using  simple  components  and  setups. 

This  chapter  shows  how  to  conduct  many  fascinating  experiments  using  visible 
laser  light.  Although  you  don’t  need  to  complete  each  experiment,  you  should  try  a 
handful  and  perhaps  expand  on  one  or  more  for  a  more  in-depth  study.  For  example, 
the  effects  of  polarization  by  reflection  is  a  fascinating  topic  that  you  can  easily  de¬ 
velop  into  a  science  fair  project. 

Experimenting  with  refraction 

Recall  that  refraction  is  the  bending  of  light  as  it  passes  from  one  density  to  another. 
Light  bends  away  from  line  normal  at  a  dense-to-rare  transition;  light  bends  toward 
line  normal  at  a  rare-to-dense  transition.  Table  8-1  lists  the  materials  you’ll  need  to 
carry  out  the  experiments  in  this  section. 


113 


114  Chapter  8 


Table  8-1.  Parts  list  for  refraction  experiments 


1  Laser 

1  Plate  glass  (approx.  2  inches  square) 

1  Plastic  sheet  or  block 

1  Clear  glass  or  plastic  container  to  hold:  water,  mineral  oil,  isopropyl  alcohol,  glycerin, 
etc. 

1  Plastic  protractor 
1  Equilateral  prism 


Refraction  through  glass  plate 

You  can  most  readily  see  the  effects  of  refraction  by  placing  a  piece  of  clear  plate 
glass  in  front  of  the  laser.  The  beam  will  be  displaced  some  noticeable  distance.  Try 
this  experiment:  place  a  laser  at  one  end  of  the  room  so  that  the  beam  strikes  a  back 
wall  or  screen.  Tape  a  piece  of  paper  to  the  wall  and  lightly  mark  the  location  of  the 
beam  with  a  pencil. 

Next,  have  someone  place  a  small  piece  of  regular  window  glass  in  front  of  the 
laser.  Position  the  glass  so  that  it  is  canted  at  an  angle  to  the  beam.  The  spot  on  the 
paper  should  shift.  Mark  the  new  location. 

If  you  know  the  distance  between  the  glass  and  wall  as  well  as  the  distance  be¬ 
tween  the  two  spots,  you  can  calculate  the  angle  of  deflection  (see  Fig.  8-1).  (With 


Laser 


Refracted  beam 
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Distance  between  laser/glass 
and  wall 


8-1  Measuring  the  deflection  of  the  beam  enables  you  to  calculate 
the  refractive  index  of  glass,  lenses,  and  other  optical  components. 
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that  angle,  you  can  then  compute  the  refractive  index  of  the  glass;  consult  any  book 
on  basic  trigonometry  for  the  formula.)  The  figure  shows  how  the  distance  between 
(A)  glass  to  wall  and  (B)  spot  to  spot,  or  deflection,  are  the  equivalent  of  the  adja¬ 
cent  and  opposite  sides  of  a  right  triangle.  The  illustration  shows  the  particular  for¬ 
mula  to  use  to  find  the  angle  of  deflection:  A  =  arctan (a/b).  Use  trig  tables  or  a 
scientific  calculator  to  solve  for  it. 

Try  the  experiment  with  different  types  of  glass,  plastic,  and  other  transparent 
materials.  Move  the  paper  each  time  you  try  a  new  material.  Notice  that  not  all  glass 
is  made  of  the  same  substances,  and  refractive  indexes  can  vary.  For  example,  one 
piece  of  glass  might  have  a  refractive  index  of  1.55  and  another  might  have  a  refrac¬ 
tive  index  of  1.72.  The  two  might  look  identical  on  the  outside,  but  refract  light  dif¬ 
ferently.  The  higher  the  index  of  refraction,  the  greater  the  distance  between  the 
two  beams. 

Refraction  through  water 

Bears,  eagles,  and  others  of  the  animal  kingdom  know  a  lot  about  refraction;  how 
else  could  they  catch  fish  out  of  lakes  and  streams  with  such  precision?  Because  wa¬ 
ter  is  more  dense  than  air,  it  has  a  higher  index  of  refraction.  Images  in  water  not 
only  look  closer,  but  they  appear  at  a  different  place  than  they  really  are.  If  you  don’t 
take  refraction  into  account,  you’ll  come  up  with  nothing  after  throwing  your  spear 
into  the  water. 

One  easy  way  to  demonstrate  refraction  in  water  is  to  place  a  narrow  stick,  such 
as  a  dowel,  in  a  jar.  Fill  the  jar  with  water  and  the  stick  seems  to  bend.  If  the  water  is 
a  little  cloudy  (as  it  often  is  after  coming  out  of  the  tap) ,  you  can  demonstrate  the  ac¬ 
tual  refraction  of  light  with  a  laser.  Fill  the  jar.  with  water.  Position  the  laser  above  the 
jar,  but  at  a  10  to  15°  angle  to  the  water  line.  Turn  off  the  room  lights  so  that  the 
beam  can  be  more  readily  seen  in  mid-air  (chalk  dust  or  smoke  helps  bring  it  out). 
You’ll  see  the  shaft  of  light  from  the  laser  “magically”  bend  when  it  strikes  the  water. 

By  dipping  a  protractor  in  the  water,  you  can  visually  measure  the  angles  and 
compute  the  index  of  refraction  using  the  classic  formula  n  -  sin  ^/sin  r.  That  is,  the 
index  of  refraction  is  equal  to  the  sin  of  the  angle  of  incidence  over  the  sin  of  the  an¬ 
gle  of  refraction  (this  is  often  referred  to  as  SnelVs  Law ).  Repeat  the  experiment 
with  other  liquids,  including  glycerin,  alcohol,  and  mineral  oil.  Correlate  the  refrac¬ 
tive  indexes  of  these  fluids  with  the  glass  and  plastic  used  previously  (you  can  use 
Snell’s  Law  for  these  materials,  too). 

Refraction  through  prism 

Equilateral  prisms  are  most  often  used  to  disperse  white  light  (break  up  the  light 
into  its  individual  component  colors).  The  light  from  a  helium-neon  laser  is  already 
at  a  specific  wavelength,  so  it  cannot  be  further  dispersed.  However,  prisms  can  be 
used  to  show  the  effects  of  refraction  and  how  the  light  can  be  diverted  from  its  orig¬ 
inal  path. 

To  demonstrate  refraction  in  a  prism,  place  the  prism  at  the  edge  of  a  table.  Aim 
the  laser  up  toward  the  prism  at  a  45°  angle.  The  beam  should  strike  one  side  and  then 
refract  so  that  the  light  exits  almost  parallel  to  the  surface  of  the  table.  For  best  results, 
you’ll  need  to  clamp  the  laser  in  place  so  that  the  beam  doesn’t  wander  around. 
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Experimenting  with  reflection 

The  law  of  reflection  is  simple  and  straight-forward:  the  angle  of  reflectance,  in  rela¬ 
tion  to  line  normal,  is  equal  but  opposite  to  the  angle  of  incidence.  As  an  example, 
light  incident  on  a  mirror  at  a  45°  angle,  as  shown  in  Fig.  8-2,  will  also  bounce  off  the 
mirror  at  a  45°  angle.  The  total  amount  of  deflection  between  incident  and  reflected 
light  will  be  90°.  Materials  needed  for  conducting  the  experiments  in  this  section  are 
found  in  Table  8-2. 

Front-surface  versus  rear-surface  mirrors 

Light  is  reflected  off  almost  any  surface,  including  plain  glass.  An  ordinary  mirror  con¬ 
sists  of  a  piece  of  glass  backed  with  silver  or  aluminum.  Light  is  reflected  not  only  off 
the  shiny  silver  backing,  but  the  glass  itself.  You  can  readily  see  this  effect  by  shining 
a  laser  at  an  ordinary  rear-surface  mirror.  With  a  relatively  large  distance  between 
mirror  and  wall,  you  will  notice  two  distinct  spots.  The  bright  spot  is  the  laser  beam 
reflected  off  the  silver  backing;  the  dim  spot  is  the  beam  reflected  off  the  glass  itself. 

Now  repeat  the  experiment  with  a  front-surface  mirror.  Because  the  highly  re¬ 
flective  material  is  applied  to  the  front  of  the  glass,  the  light  is  reflected  just  once. 
Only  a  single  spot  appears  on  the  wall  (see  Fig.  8-3). 

Total  internal  reflection 

When  light  passes  through  a  dense  medium  toward  a  less  dense  medium,  it  is  re¬ 
fracted  into  the  second  medium  if  the  angle  of  incidence  is  not  too  great.  If  the  angle 


Table  8-2.  Parts  list  for  reflection  experiments 


1  Laser 

1  Rear  surface  mirror  (approx.  1-inch  square) 

1  Front  surface  mirror  (approx.  1-inch  square) 

1  Right-angle  prism 

1  Large  paper  sheet  (such  as  11  by  17  inches)  to  make  cylinder 
1  Long  lens  (for  laser  scanning) 
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Incident  beam  Reflected  beams  Incident  beam  Reflected  beams 


8-3  A  rear-surface  mirror  creates  a  ghost  beam  along  with  the  main  beam;  a 
front-surface  mirror  reflects  just  one  beam. 


of  incidence  is  increased  to  what  is  called  the  critical  angle  of  incidence,  the  light 
no  longer  exits  the  first  medium  but  is  totally  reflected  back  into  it.  This  phenome¬ 
non,  called  total  internal  reflection,  is  what  makes  certain  kinds  of  prisms  and  op¬ 
tical  fibers  work. 

Consider  the  right-angle  prism  shown  in  Fig.  8-4.  Light  entering  one  face  is  to¬ 
tally  reflected  at  the  glass-air  boundary  at  the  hypotenuse.  The  reflected  light 
emerges  out  of  the  adjacent  face  of  the  prism.  Depending  on  how  you  tilt  the  prism 
with  respect  to  the  light  source,  you  can  get  it  to  reflect  internally  in  other  ways. 

The  main  advantage  of  total  internal  reflection  is  that  it  is  more  efficient  than 
even  the  most  highly  reflective  substances.  Reflection  is  almost  100%,  even  in  optics 
of  marginal  quality.  Another  advantage  is  that  the  reflective  portion  of  the  prism  is 


8-4 

A  right-angle  prism  allows  you 
to  deflect  and  direct  light  in  a 
number  of  interesting  ways. 
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internal,  not  external.  That  lessens  the  chance  of  damage  caused  by  dust  and  other 
contaminants. 

You  can  readily  experiment  with  total  internal  reflection  (TIR)  using  just  about 
any  prism.  A  right-angle  or  equilateral  prism  works  best.  Shine  the  beam  of  a  laser  in 
one  side  of  the  prism.  Now  rotate  the  prism  and  notice  that  at  some  angles,  the  beam 
is  refracted  out  of  the  glass  without  bouncing  around  inside.  At  other  angles,  the 
light  is  reflected  once  and  might  be  even  twice  before  exiting  again. 

If  the  prism  is  poorly  made — the  glass  has  many  impurities,  for  example — you 
can  even  see  the  laser  beam  coursing  around  inside  the  prism.  This  effect  is  best 
seen  when  the  room  lights  are  turned  low  or  off.  To  see  the  effect  of  total  internal  re¬ 
flection  and  refraction  in  a  prism,  make  a  tube  by  wrapping  a  large  piece  of  white 
construction  paper  or  lightweight  cardboard  around  the  prism.  Poke  a  hole  for  the 
light  beam  to  go  through  and  turn  on  the  laser.  If  the  paper  is  thin  enough,  you  can 
see  the  laser  beam  striking  it  (looking  from  the  outside).  If  the  paper  is  thick,  you'll 
have  to  look  down  the  tube  to  see  the  beam  on  the  inside  walls. 

Rotate  the  prism  (or  the  laser  and  tube)  and  notice  how  the  beam  is  either  re¬ 
fracted  or  internally  reflected.  Keep  a  notebook  handy  and  jot  down  the  effects  as 
the  prism  is  rotated.  Use  a  protractor  if  you  want  to  record  the  exact  angles  of  inci¬ 
dence. 

Another  experiment  in  total  internal  reflection  uses  a  lens.  A  long,  single-axis 
lens  (the  kind  shown  in  Fig.  8-5  like  those  used  for  laser  scanning)  works  the  best. 
Shine  the  light  through  the  lens  in  the  normal  manner.  Depending  on  the  type  of  lens 
used,  the  beam  will  refract  into  an  oval  or  slit.  Now  cant  the  lens  at  an  oblique  angle 
to  the  laser  beam,  as  shown  in  the  figure.  If  you  hold  the  lens  just  right,  you  should 
see  the  laser  beam  internally  reflected  several  times  before  exiting  the  other  end. 
You  can  see  the  internal  reflections  much  more  clearly  if  the  room  lights  are  off. 

Experimenting  with  diffraction 

Table  8-3  provides  a  parts  list  for  the  diffraction  experiments  that  follow.  Diffraction 
is  a  rather  complex  subject,  thoroughly  investigated  by  Thomas  Young  in  1801. 
Young’s  aim  was  to  prove  (or  disprove)  that  light  traveled  in  waves,  and  were  carried 
along  as  particles  in  some  invisible  matter  (the  early  physicists  called  this  invisible 
matter  the  ether).  If  light  was  really  made  of  waves,  those  waves  would  break  up  into 
smaller  waves  (or  secondary  wavelets)  when  passed  through  a  very  small  opening 
(according  to  Huygens’  principle).  The  same  effect  occurs  when  water  passes 
through  a  small  opening.  One  wave  striking  the  opening  turns  into  many,  smaller 
waves  on  the  other  side. 

Young  used  a  small  pinhole  to  test  his  light-wave  theory  technique.  Light  exiting 
the  pinhole  would  be  diffracted  into  many  small  wavelets.  Those  wavelets  would  act 
to  constructively  or  destructively  interfere  with  one  another  when  they  met  at  a 
lightly  colored  screen.  Constructive  interference  is  when  the  phase  of  the  waves 
are  closely  matched — the  peaks  and  valleys  coincide.  The  two  waves  combine  with 
one  another  and  their  light  intensities  are  added  together.  Destructive  interference 
is  when  the  phase  of  the  waves  are  not  in  tandem.  A  peak  might  coincide  with  a  val¬ 
ley,  and  the  two  waves  cancel  each  other  out. 
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8-5  A  long  beam-spreading  lens  (or  something  similar)  can 
be  used  to  readily  demonstrate  total  internal  reflection.  A 
solid  glass  rod  can  also  be  used. 

What  Young  saw  convinced  him  (and  many  others)  that  light  was  really  made  up 
of  waves.  Young  saw  a  pattern  of  bright  and  dark  bands  on  the  viewing  screen.  The 
brightest  and  biggest  band  was  in  the  middle,  flanked  by  alternating  light  and  dark 
bands.  Bright  bands  meant  that  the  waves  met  there  on  the  screen  constructively. 
Dark  bands  denoted  destructive  interference. 

Making  your  own  diffraction  apparatus 

Young’s  original  experiments  have  been  repeated  in  many  school  and  industrial  lab¬ 
oratories.  Monochromatic  light  sources  are  the  best  choice  when  experimenting  with 
diffraction.  A  laser  is  the  perfect  tool  not  only  because  its  light  is  highly  monochro¬ 
matic  but  that  its  beam  is  directional  and  well-defined. 

Use  a  slit  instead  of  a  pinhole  for  your  diffraction  experiments.  You  can  make  a 
high-precision  slit  using  two  new  razor  blades,  as  shown  in  Fig.  8-6.  You  can  use  al¬ 
most  any  type  of  blade,  but  be  sure  that  they  are  new  and  the  cutting  surfaces  aren't 
nicked.  Mount  the  razor  blades  on  a  small  piece  of  plastic  by  drilling  a  hole  in  the 
metal  (if  there  isn't  already  one)  and  securing  it  to  the  plastic  with  %>"  or  smaller 
hardware.  Adjust  the  space  between  the  blades  using  an  automotive  spark  gap 
gauge.  A  gap  of  less  than  0.040"  is  sufficient. 
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Table  8-3.  Parts  list  for  diffraction  experiments 


For  Single  Slit: 

2  Utility  knife  razor  blades 

1  2-  by  3-inch  acrylic  plastic  (^-inch  thick) 

2  %2  by  Yz- inch  bolts,  nuts,  washers 

For  Double  Slit 

2  Utility  knife  razor  blades 
1  2-  by  3-inch  acrylic  plastic  (^-inch  thick) 

1  Tungsten,  wire,  or  other  thin  filament 
4  %2  by  inch  bolts,  nuts,  washers 

For  Spectroscope 

1  1-inch  diameter  6-inch  long  cardboard  tube 
1  Single  slit  (in  cardboard  or  razor  blade,  as  above) 

1  Diffraction  grating 

General  Experiments 

1  Laser 
1  Single  slit 
1  Double  slit 
1  Screen 

1  Transmission  diffraction  grating  (1-inch  square  or  larger) 


2' 


Adjust  spacing  between  blades 
to  change  width  of  slit 


Slot  in  plate 


Mounting  plate 


Razor  blades 
(from  utility  knife) 


8-6  A  single  slit  made  by  two  razor  blades  butted  close  together.  Mount  the  blades  on  a 
piece  of  /Uinch  acrylic  plastic.  Drill  or  cut  a  large  slot  in  the  center  of  the  plastic  for  the  beam 
to  pass  through. 
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Shine  the  laser  beam  through  the  gap  and  onto  a  nearby  wall  or  screen  (distance 
between  blades  and  wall:  2  to  3').  You  should  see  a  pattern  of  bright  and  dark  bands. 
If  nothing  appears,  check  the  gap  and  be  sure  that  the  laser  beam  is  properly  di¬ 
rected  between  the  two  blades.  If  the  beam  is  too  narrow,  expand  it  a  little  with  a 
lens.  Notice  that  the  center  of  the  diffraction  pattern  is  the  brightest.  This  is  the 
zero-order  fringe . 

If  the  fringe  pattern  is  difficult  to  see,  increase  the  distance  between  the  blades 
and  the  screen.  As  the  distance  is  increased,  the  pattern  gets  bigger.  If  the  screen  is 
10'  or  more  away  (depending  on  the  gap  between  the  razor  blades),  the  light-to-dark 
transitions  of  the  fringes  can  be  manually  counted.  Experiment  with  the  gap  be¬ 
tween  the  razor  blades.  Notice  that,  contrary  to  what  you  might  think,  the  fringes  be¬ 
come  closer  together  with  wider  gaps.  You  achieve  the  largest  spacing  between 
fringes  with  the  smallest  possible  gap. 


Experiments  with  double  slits 

You  can  perform  many  useful  metrological  (measurement)  experiments  using  a  dou¬ 
ble  slit.  Follow  the  arrangement  shown  in  Fig.  8-7.  Place  a  single  slit  in  front  of  a  laser 
so  that  it  is  diffracted  into  secondary  wavelets.  Then,  place  a  double  slit  in  the  light 
path.  The  fringes  that  appear  on  the  screen  will  be  an  interference/diffraction  pattern 
similar  to  the  fringes  seen  in  the  single-slit  experiment.  With  the  double  slit,  however, 
it’s  possible  to  perform  such  things  as  measuring  the  wavelength  of  light,  measuring 
the  speed  of  light,  or  measuring  the  distance  between  the  double  slit  and  the  screen. 

Make  a  double  slit  by  opening  the  gap  between  two  razor  blades  and  inserting  a 
thin  strip  of  tungsten  filament.  Secure  the  filament  using  miniature  watch  or  camera 
screws.  You  can  also  use  small  gauge  wire  (30  gauge  or  higher)  or  a  strand  of  hair  (hu¬ 
man  hair  measures  about  100  micrometers  across).  Measure  the  filament  or  wire  with 
a  micrometer.  Next,  adjust  the  spacing  between  the  razor  blades  so  the  gap  is  less  than 
a  millimeter  or  so  across.  The  filament  should  be  positioned  in  the  middle  of  the  gap. 

Another  more  accurate  method  is  to  use  a  Ronchi  ruling ,  which  is  a  precision- 
made  optical  component  intended  for  testing  the  flatness  (or  equal  curvature)  of 
lenses,  mirrors,  and  glass.  The  ruling  is  made  by  scribing  lines  in  a  piece  of  glass.  The 
spacing  between  the  lines  is  carefully  controlled.  Typical  Ronchi  rulings  come  with 
50,  100,  and  200  lines  per  inch.  At  50  lines  per  inch,  the  distance  between  gaps  is 
0.02"  (0.508  mm). 

With  the  distance  between  gaps  known,  you  can  now  perform  some  experi¬ 
ments.  Set  up  the  double  slit  precisely  1  meter  (1000  mm)  from  a  white  or  frosted 
glass  screen.  Turn  on  the  laser,  and  as  accurately  as  possible,  measure  the  distance 
between  fringes.  With  a  red  helium-neon  laser,  the  distance  should  be  approximately 
1.25  mm  between  fringes.  If  this  proves  too  difficult  to  measure,  increase  the  dis¬ 
tance  to  5  meters  (5000  mm).  Now,  you  are  ready  to  perform  some  calculations. 

Here  is  the  formula  for  computing  light  wavelength: 

fxb 
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Filament 


Laser 


Single  slit 
(optional) 


Double  slit 


8-7  A  double-slit  using  a  small  filament  (I  used  30  gauge  wire  wrap 
wire).  Stretch  the  filament  between  the  blades;  adjust  the  gap  be¬ 
tween  the  blades  so  that  it  is  even  on  both  sides  of  the  filament.  (A) 
Details  of  the  double  slit.  (B)  The  arrangement  of  laser,  single-slit, 
and  double-slit  for  experiments  to  follow. 


Where  w  is  the  wavelength  of  the  light,  /  is  the  distance  between  two  bright 
fringes,  b  is  the  distance  between  the  slits,  and  d  is  the  distance  between  the  slits 
and  the  viewing  screen. 

Measuring  the  fringes  indicates  they  are  1.25  mm  apart  using  a  50-line-per-inch 
Ronchi  ruling.  And  you  know  that  the  distance  between  the  slits  is  0.508  mm.  Multi¬ 
ply  1.25  times  0.508  and  you  get  0.635.  Now  divide  the  result  by  1000  (for  the  dis¬ 
tance  between  slits  and  screen)  and  you  get  0.000635.  That  is  very  close  to  the 
wavelength,  in  millimeters,  of  red  He-Ne  light. 

You  can  interpolate  the  formula  (using  standard  algebra)  to  find  the  distance  be¬ 
tween  the  slits  and  screen.  The  formula  becomes: 
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fxb 

d  =  - - 

w 

As  an  example,  if  the  fringes  measure  6.25  mm  apart  with  a  slit  distance  of  0.508 
mm  and  the  wavelength  of  the  laser  light  is  0.000632  mm,  the  distance  is  5017  mm 
(a  little  over  5  meters). 

If  you  aren't  sure  of  the  spacing  between  slits,  you  can  use  the  formula: 

,  w  x  d 


The  result  is  the  spacing,  in  millimeters.  Calculating  the  space  between  slits  is 
handy  if  you  use  the  tungsten-and-razor-blade  method.  Two  other  (less  accurate) 
methods  of  making  double  slits  include: 

•  Photograph  two  white  lines  with  color  slide  film  and  use  the  film  as  an 
aperture. 

•  Scribe  two  lines  in  film,  electrical  tape,  or  aluminum  foil. 

You  might  also  use  this  technique  to  measure  small  parts,  such  as  machine  pins, 
needles,  and  wire.  The  spacing  of  the  fringes  reveals  the  diameter  or  width  of  the  part. 
Keep  in  mind  that  the  best  diffraction  effects  are  obtained  when  the  slits  (and  center 
object)  have  the  thinnest  edges  possible.  The  fringes  disappear  with  thicker  edges. 

Calculating  frequency,  wavelength,  and  velocity 

Knowing  the  wavelength  of  the  light  used  in  the  diffraction  experiments  can  be  used 
to  calculate  the  frequency  of  the  light,  as  well  as  its  velocity.  Use  the  following  for¬ 
mulas  for  calculating  frequency,  wavelength,  and  velocity  of  light: 

velocity  = frequency  x  wavelength 

r  velocity 

frequency  = - 

wavelength 

velocity 

wavelength  =  - - 

frequency 

These  figures  will  help  you  in  your  calculations: 

•  Speed  of  light  in  a  vacuum:  299,792.5  km/sec 

•  Approximate  speed  of  light  in  air:  299,705.6  km/sec 

•  (Sea  level,  30°  C) 

•  He-Ne  laser  light:  632.8  nm 

•  Green  line  of  argon  laser:  514.5  nm 

•  Blue  line  of  argon  laser:  488.0  nm 

As  an  example,  to  calculate  the  frequency  of  red  He-Ne  laser  light,  take  velocity 
(299,792.5)  divided  by  wavelength  (632.8).  The  result  is  473.7555  terahertz. 

Using  diffraction  gratings 

A  diffraction  grating  is  a  piece  of  metal  or  film  that  has  hundreds  or  thousands  of  tiny 
lines  scribed  in  its  surface.  The  grating  can  be  either  transmissive  (you  can  see 
through  it)  or  reflective  (you  see  light  bounce  off  it).  Although  the  reflective  type 


124  Chapter  8 


makes  interesting-looking  jewelry,  it  has  limited  use  in  laser  experiments.  A  small 
piece  (1"  square)  of  transmissive  diffraction  grating  can  be  used  for  numerous  experi¬ 
ments.  The  exact  number  of  scribes  is  not  important  for  general  tinkering,  but  one 
with  10,000  to  15,000  lines  per  inch  should  do  nicely.  Edmund  Scientific  and  American 
Optical  Center  (see  Appendix  A)  sell  diffraction  gratings  and  kits  at  reasonable  cost. 

The  diffraction  grating  acts  as  an  almost  unlimited  number  of  slits  and  disperses 
white  light  into  its  component  colors.  When  used  with  laser  light,  a  diffraction  grat¬ 
ing  splits  the  beam  and  makes  many  sub-beams.  These  additional  beams  are  the  sec¬ 
ondary  wavelets  that  you  created  when  experimenting  with  the  diffraction  slits 
detailed  previously.  The  beams  are  spaced  far  apart  because  the  scribes  in  the  dif¬ 
fraction  grating  are  so  close  together. 

The  pattern  and  spacing  of  the  beams  depends  on  the  grating.  A  criss-cross  pat¬ 
tern  shows  a  grating  that  has  been  scribed  both  horizontally  and  vertically.  You  can 
obtain  the  criss-cross  material  from  special  effects  “rainbow”  sunglasses  sold  by  Ed¬ 
mund.  Most  gratings,  particularly  those  used  in  compact  disc  players  and  scientific  in¬ 
struments,  are  scribed  in  one  direction  only.  In  that  case,  you  see  a  single  row  of  dots. 

Besides  breaking  up  the  beam  into  many  sub-beams,  one  interesting  experiment 
is  what  might  be  called  “diffraction  topology.”  The  criss-cross  rainbow  glasses  mate¬ 
rial  shows  the  effect  most  readily.  Put  on  the  glasses  and  point  the  laser  beam  at  a 
point  in  front  of  you.  Tilt  the  glasses  on  your  head  and  notice  that  the  sub-beams  ap¬ 
pear  almost  3-D,  as  if  you  could  reach  out  and  grab  them.  Of  course,  they  aren’t 
there,  but  the  illusion  seems  real. 

Now  move  the  beam  so  that  it  strikes  objects  further  away  and  closer  to  you.  Not 
only  does  the  apparent  perspective  of  the  sub-beams  change,  but  so  does  the  distance 
between  the  spots.  The  closer  the  object,  the  greater  the  perspective  and  the  closer 
the  spots  are  spaced  to  one  another.  Scan  the  laser  back  and  forth  and  the  perspec¬ 
tive  and  distance  of  spots  changes  in  such  a  way  that  you  can  visually  see  the  topol¬ 
ogy  of  the  ground  and  objects  in  front  of  you. 

One  practical  application  of  this  effect  is  to  focus  the  diffracted  light  from  the 
film  onto  a  solid-state  imager  or  video  camera,  then  route  the  signal  to  a  computer. 
A  program  running  on  the  computer  analyzes  the  instantaneous  arrangement  of  the 
dots  and  correlates  it  to  distance.  If  the  laser  beam  is  scanned  up  and  down  and  right 
and  left  like  the  electron  beam  in  a  television  set,  the  topology  of  an  object  can  be 
plotted.  The  easy  part  is  setting  up  the  laser,  diffraction  grating,  and  video  system; 
the  hard  part  is  writing  the  computer  software!  Anybody  want  to  give  it  a  try? 

Although  you’ve  got  your  hands  on  a  diffraction  grating,  look  at  the  orange  gas 
discharge  coming  from  around  the  tube.  You’ll  be  startled  at  all  the  bright,  well-de¬ 
fined  colors.  Each  band  of  light  represents  a  wavelength  created  in  the  helium-neon 
mixture.  The  dark  portions  between  each  color  represents  wavelengths  not  pro¬ 
duced  by  the  gases. 

If  you  can’t  readily  see  the  lines  with  the  diffraction  grating  you’re  using,  you 
might  have  better  luck  with  a  home-built  pocket  spectroscope.  Place  a  plastic  or 
cardboard  cap  on  the  end  of  a  1"  diameter  tube.  Saw  or  drill  a  slit  in  the  cap,  or  make 
a  gap  using  a  pair  of  razor  blades,  as  detailed  earlier  in  this  chapter.  On  the  other  end 
of  the  tube,  glue  on  a  piece  of  transmissive  diffraction  grating.  Aim  the  slit-end  of  the 
spectroscope  at  the  light  source  and  view  the  spectra  by  looking  at  the  inside  of  the 
tube,  as  shown  in  Fig.  8-8.  Don’t  look  directly  at  the  slit. 
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Single  slit 


Diffraction  grating 


Look  at  this 
^  angle 


1"  diameter  tube 


(6"  long) 


8-8  You  can  construct  your  own  pocket  spectroscope  with  a  short  6-inch  long  cardboard 
tube,  slit  (cut  out  or  razor  blade),  and  diffraction  grating.  View  the  diffracted  light  by  look¬ 
ing  at  the  inside  wall  of  the  tube.  Rotate  the  tube  (and  grating)  to  increase  or  decrease  the 
width  of  the  spectra  lines. 


Polarized  light  and  polarizing  materials 


When  I  was  a  kid,  I  learned  about  polarized  light  the  same  way  that  most  other  peo¬ 
ple  did  at  the  time — in  ads  for  sunglasses.  Specially  made  sunglasses  somehow 
blocked  glare  by  the  magic  of  polarization.  Not  until  I  began  experimenting  with  lasers 
did  I  learn  the  true  nature  of  polarized  light  and  how  the  sunglasses  perform  their 
tricks.  Be  aware  that  the  subject  of  polarized  light  is  extensive  and  at  times  compli¬ 
cated.  The  following  is  just  a  brief  overview  to  help  you  understand  how  the  experi¬ 
ments  in  this  section  work.  Consult  a  book  on  optics  for  more  details.  Table  8-4 
indicates  the  materials  necessary  to  perform  the  experiments  in  this  section. 


Table  8-4.  Parts  list  for  polarization  experiments 

1  Laser 

2  Polarizing  sheets  (1-inch  diameter  or  larger) 

1  Plate  glass  (approx.  1  inch  square) 

1  Block  of  calcite  (as  clear  as  possible) 

1  Quarter-wave  (retardation)  plate 


What  is  polarized  light? 

Light  is  composed  of  two  components:  a  magnetic  field  component  and  an  electrical 
field  component  (thus  the  term  electromagnetic).  These  components,  or  vectors, 
are  both  waves  that  travel  together,  but  at  90°  angles.  That  is,  if  one  vector  travels  up 
and  down,  the  other  travels  right  and  left.  Figure  8-9  shows  a  diagram  of  the  mag¬ 
netic  and  electric  field  vectors  travelling  as  waves  through  space. 

In  sunlight,  the  phase  of  the  electrical  and  magnetic  vectors  are  constantly 
changing  (but  the  two  are  90°  out  of  phase  to  one  another).  At  one  moment,  the 
phase  of,  for  example,  the  electric  field  vector  might  be  0°;  at  another  time,  it  might 
be  38°.  An  instant  later,  it  might  be  at  187°.  Such  light  is  said  to  be  unpolarized. 
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Magnetic  component 


Electric  component 


8-9  A  pictorial  representation  of  the  electric  and  magnetic  components  of 
light  waves. 

This  is  the  nature  of  light  from  the  sun,  desk  lamp,  flashlight,  and  most  any  other  il¬ 
lumination  source. 

By  locking  the  phase  of  the  field’s  vectors  or  by  filtering  out  those  phases  that 
don’t  match  up  to  the  ones  desired,  it’s  possible  to  polarize  light.  There  are  three 
general  types  of  polarized  light: 

•  Plane  (or  linearly )  polarized ,  where  the  electric  and  magnetic  vectors  do 
not  change  phase. 

•  Circularly  polarized ,  where  the  phase  of  the  electric  field  vector  rotates 
from  0  to  360°  in  even  and  well-defined  steps. 

•  Elliptically  polarized ,  same  as  the  last,  but  the  instantaneous  amplitude  of 
the  electric  field  vector  constantly  changes  or  is  not  the  same  amplitude  as 
the  magnetic  field  vector. 

The  terms  plane ,  circular ,  and  elliptical  refer  to  the  imaginary  pattern  the 
light  would  make  on  a  viewing  screen.  Looking  at  a  beam  of  plane-polarized  light 
head-on,  it  would  appear  as  in  Fig.  8-10A,  with  the  electric  field  vector  occupying  a 
horizontal  or  vertical  plane.  Circularly  and  elliptically  polarized  light  take  on  a  more 
two-dimensional  figure — either  a  circle  or  ellipse.  The  symmetry  of  the  ellipse  de¬ 
pends  entirely  on  the  instantaneous  amplitude  of  the  electric  field  vector.  Their 
head-on  patterns  are  shown  in  Fig.  8-1  OB  and  8- 10C. 

Polarized  light  is  most  commonly  created  from  unpolarized  light  by  the  use  of  a 
filter.  A  polarizing  filter,  typically  made  from  organic  or  chemical  dyes,  blocks  out 
those  phases  that  don’t  lie  along  a  specific  axis.  As  you  might  guess,  this  means  that 
a  good  portion  of  the  light  won’t  get  through;  but  in  practice,  no  polarizing  filter  is 
100%  efficient  at  absorbing  off-axis  phases.  That  means  that  only  about  35  to  50%  of 
the  light  is  eventually  blocked. 

You  can  most  easily  experiment  with  polarized  light  using  two  polarizing  filters 
(one  is  the  polarizer ,  the  other  the  analyzer ,  as  shown  in  Fig.  8-11).  Sandwich  the 
filters  together  and  rotate  one  of  them  as  you  view  a  light  source.  The  intensity  of  the 
light  will  increase  and  decrease  every  90°  of  rotation. 
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A.  Plane  polarized  B.  Elliptically  polarized  C.  Circularly  polarized 

8-10  The  “end-view”  of  three  types  of  polarized  light:  plane,  elliptical,  and  circular. 


Polarizer  Analyzer 


8-11  How  to  align  two  polarizers  to  alternately  pass  or  block  light. 


All  lasers  emit  polarized  light,  with  either  of  two  orthogonal  planes  of  polariza¬ 
tion.  But  the  exact  phase  of  the  polarization  varies  over  time  as  does  the  relative  am¬ 
plitude  of  the  polarization  components.  You  can  repeat  the  experiments  with  the  two 
polarizing  filters  with  your  He-Ne  laser.  As  you  rotate  one  of  the  filters,  the  intensity 
of  the  beam  increases  or  decreases. 

Lasers  can  be  linearly  polarized  in  one  plane  with  the  use  of  Brewster’s  window 
placed  in  front  of  the  fully  reflective  mirror.  This  window  is  a  piece  of  clear  glass 
tilted  at  an  angle  (precisely  56°,  39')  that  “absorbs”  one  of  the  planes  of  polarization. 
As  a  result,  the  output  beam  is  plane-polarized  with  a  purity  exceeding  300:1 . 

The  Brewster’s  Angle  window  works  by  polarization  by  reflection.  You  can  ex¬ 
periment  with  this  technique  using  a  coated  or  uncoated  piece  of  plate  glass  (1" 
square  should  do  it).  Position  the  laser,  glass,  and  polarizing  filter,  as  shown  in  Fig. 
8-12.  With  the  glass  tilted  at  an  angle  of  approximately  57°,  rotate  the  polarizing  fil¬ 
ter  while  watching  the  beam.  The  intensity  of  the  beam  should  increase  and  de- 
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Polarizer 


3 


Laser 

8-12  A  laser,  piece  of  glass,  and  polarizer  are  necessary  to  experiment  with  polar¬ 
ization  by  reflection.  Watch  the  intensity  of  the  beam  change  as  you  rotate  the  po¬ 
larizer. 

crease.  If  you  don’t  witness  a  discernible  effect,  alter  the  angle  of  the  glass  a  bit  and 
try  again.  A  precision  metal  protractor  can  help  you  position  the  glass  at  the  required 
Brewster’s  Angle.  Figure  8-13  shows  what  happens  to  the  polarization  components 
as  they  reflect  on  contact  with  the  glass. 

Experimenting  with  calcite 

A  number  of  polarizing  materials  are  designed  for  use  with  optics  and  lasers,  includ¬ 
ing  birefringent  polarizers,  Wallaston  prisms,  dichroic  sheet  polarizers,  and  Glan- 
Taylor  polarizers.  Polarization  through  birefringence  is  an  interesting  effect  that 
you  can  readily  investigate  with  a  dollar  chunk  of  calcite  and  a  polarizing  filter.  Cal- 
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8-13  The  amount  of  reflectivity  of  the  p-  and  s-planes  at  dif¬ 
ferent  angles  of  incidence. 
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cite  is  a  commonly  occurring  mineral  that  takes  on  many  forms,  including  limestone 
and  marble.  In  one  form,  it  is  an  optically  clear  rhombohedral  crystal. 

Although  some  optics-grade  calcite  polarizing- prisms  are  priced  in  excess  of 
$500,  you  can  make  your  own  (for  experimental  purposes)  for  about  $1.  Many  rock 
stores  and  natural  history  museum  gift  stores  sell  chunks  of  calcite  at  reasonable 
cost.  This  calcite  is  far  from  optically  pure,  but  it’s  good  enough  for  routine  experi¬ 
ments.  You  can  always  pick  out  a  calcite  crystal  by  looking  at  its  shape  and  what  it 
does  to  printed  material  when  you  place  it  on  a  page  from  a  book.  As  shown  in  Fig. 
8-14,  a  calcite  crystal  creates  two  images  through  a  process  called  birefringence 
(double  refraction) . 

Look  for  a  piece  that’s  relatively  clear  and  large  enough  that  you  can  work  with 
it.  A  few  inclusions  here  and  there  won’t  hurt.  If  the  crystal  has  rough  edges  or  is  bro¬ 
ken  into  an  unusable  shape,  you  can  repair  it  by  cleaving  new  sides.  A  calcite  crystal 
will  retain  its  rhomboid  shape  even  if  recleaved.  You  can  best  cleave  the  crystal  by 
using  a  small-bladed  flat  screwdriver  or  chisel  and  hammer.  Use  the  screwdriver  to 
chip  away  a  small  layer  of  the  crystal  to  expose  a  new  face. 


8-14  Calcite  exhibits  birefringence,  causing  double  images. 
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You  might,  if  you  wish,  finish  the  sides  using  very  fine-grit  (300  or  higher) 
wet/dry  sandpaper,  used  wet.  The  faces  of  the  crystal  will  turn  a  milky  white,  but 
they  can  be  repolished  using  jeweler’s  rouge  and  a  buffing  wheel.  Rouge  is  available 
at  many  hardware  and  glass  or  plastics  shops;  you  can  outfit  your  drill  motor  with  a 
suitable  buffing  wheel. 

Point  the  laser  into  the  crystal  and  look  at  the  opposite  side.  You’ll  see  two 
beams  instead  of  one,  as  indicated  in  Fig.  8-15.  One  ray  is  called  the  ordinary  ray 
and  the  other  is  the  extraordinary  ray.  Depending  on  the  optical  quality  of  the 
crystal  and  how  well  you  have  polished  its  sides,  the  beams  should  project  on  a  wall 
or  screen  located  a  few  inches  away.  The  interesting  thing  about  these  two  beams  is 
that  they  are  orthogonally  polarized.  That  is,  beam  A  is  polarized  in  one  direction 
and  beam  B  is  polarized  at  a  90°  angle.  You  can  test  this  by  rotating  the  polarizing  fil¬ 
ter  in  front  of  the  two  beams  (look  at  the  projected  beams,  not  the  spots  on  the  fil¬ 
ter).  As  you  rotate  the  filter,  one  beam  will  become  bright  as  the  other  becomes 
dimmer.  Keep  rotating  and  they  change  states. 


E  ray 
O  ray 


8-15  A  single  beam  entering  a  calcite  crystal  is  refracted  into  two  beams:  E 
and  0  rays.  The  refracted  beams  are  orthogonally  polarized. 


Retardation  plates 

Retardation  plates,  typically  made  of  very  thin  sheets  of  mica  or  quartz,  are  elements 
primarily  used  in  the  synthesis  and  analysis  of  light  in  different  states  of  polarization. 
There  are  several  types  of  retardation  plates  (also  called  phase  shifters ): 

•  A  quarter-wave  retardation  plate  converts  linearly  polarized  light  into 
circularly  polarized  light,  and  vice  versa. 

•  A  half-wave  retardation  plate  changes  the  polarization  plane  of  linearly 
polarized  light.  The  angle  of  the  plane  depends  on  the  rotation  of  the  plate. 

Both  quarter-  and  half-wave  plates  find  use  in  some  types  of  holography,  inter¬ 
ferometry,  and  electro-optic  modulation.  They  are  also  used  in  most  types  of  audio 
compact  disc  players  as  one  of  the  optical  components.  When  coupled  with  a  polar¬ 
izing  beam  splitter,  the  quarter- wave  plate  prevents  the  returning  beam,  (after  being 
reflected  off  the  surface  of  the  disc)  from  re-entering  the  laser  diode.  If  this  were  to 
happen,  the  output  of  the  laser  would  no  longer  be  coherent.  A  quarter-wave  plate 
can  be  similarly  placed  in  front  of  a  polarizing  filter  and  laser  (see  Fig.  8-16)  for  use 
in  the  Michelson  interferometer  project  detailed  in  Chapter  9.  The  retardation  plate 
prevents  light  from  reflecting  back  into  the  laser  and  ruining  the  accurate  measure¬ 
ments  that  are  possible  with  the  interferometer. 
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8-16  A  quarter- wave  plate,  in  conjunction  with  a  polarizer,  can  be  used  to  prevent  a  reflected 
beam  from  re-entering  the  laser. 


Manipulating  the  laser  beam 

Simple  and  inexpensive  optics  are  all  that’s  required  to  manipulate  the  diameter  of 
the  beam.  You  can  readily  focus,  expand,  and  collimate  a  laser  beam  using  just  one, 
two,  or  three  lenses.  Here  are  the  details.  Refer  to  Table  8-5  for  a  parts  list. 

Table  8-5.  Parts  list  for  beam 
manipulation  experiments 


1  Bi-convex  lens  (in  PVC  or  similar  holder) 

1  Bi-concave  lens  (in  PVC  or  similar  holder) 
1  Ruler  (for  measuring  focal  length) 

1  Focusing  screen 


Focusing 

Any  positive  lens  (plano-convex,  double-convex,  positive  meniscus)  can  be  used  to 
focus  the  beam  of  a  laser  to  a  small  point.  For  best  results,  the  lens  should  be  no  more 
than  about  50  to  100%  larger  than  the  diameter  of  the  beam,  or  the  light  won’t  be  fo¬ 
cused  into  the  smallest  possible  dot.  To  use  a  particular  lens  to  focus  the  light  from 
your  laser,  it  might  be  necessary  to  first  expand  the  beam  to  cover  more  area  of  the 
lens.  Refrain  from  expanding  the  beam  so  that  it  fills  the  entire  diameter  of  the  lens. 

Notice  that  the  beam  is  focused  at  the  focal  point  of  the  lens,  as  illustrated  in  Fig. 
8-17.  The  size  of  the  spot  is  the  smallest  when  the  viewing  screen  (or  other  media, 
such  as  the  surface  of  a  compact  disc)  is  placed  at  the  focal  length  of  the  lens.  The 
spot  appears  out  of  focus  at  any  other  distance. 

If  you  don’t  know  the  focal  distance  of  a  particular  lens,  you  can  calculate  it  by 
holding  it  up  to  a  strong  light  source  (laser,  sun,  etc.)  and  varying  the  distance  be¬ 
tween  lens  and  focal  plane.  Measure  the  distance,  as  shown  in  Fig.  8-18,  when  the 
spot  is  the  smallest. 
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Focal  point 


8-17  Positive  lenses  focus  light  to  a  point.  The  size  of  the  beam  increases  at  distances 
ahead  or  beyond  of  this  focal  point. 
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8-18  Measure  the  focal  length  using  the  setup  shown  here.  The  ruler  can  be  marked 
off  in  inches  or  centimeters,  as  you  prefer. 
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Expanding 

Any  negative  lens  (plano-concave,  double-concave,  negative  meniscus)  can  be  used 
to  expand  the  beam.  An  expanded  beam  is  useful  in  holography,  interferometry,  and 
other  applications  where  it  is  necessary  to  spread  the  thin  beam  of  the  laser  into  a 
wider  area.  You  might  also  want  to  expand  the  beam  to  a  certain  diameter  before  fo¬ 
cusing  it  with  a  positive  lens. 

The  degree  of  beam  spread  depends  on  the  focal  length  of  the  lens  (remember 
that  negative  lenses  have  negative  focal  points  because  their  focal  point  appears  be¬ 
hind  the  lens,  instead  of  in  front  of  it).  The  shorter  the  focal  length,  the  greater  the 
beam  spread.  If  you  need  to  cover  a  very  wide  area  with  the  beam,  you  might  com¬ 
bine  two  or  more  negative  lenses.  The  beam  is  expanded  each  time  it  passes  through 
a  lens.  Remember  to  use  successively  larger  lenses  as  the  beam  is  expanded. 


Collimating 

By  carefully  positioning  the  distance  between  the  negative  and  positive  lens,  it’s  pos¬ 
sible  to  enlarge  the  beam  and  make  its  light  rays  parallel  again.  A  double-concave 
and  double-convex  lens  positioned  (as  shown  in  Fig.  8-19)  make  it  a  collimator,  a 
useful  device  that  can  be  used  to  enlarge  the  beam  yet  still  maintain  collimation  and 
to  reduce  divergence  over  long  distances.  Figure  8-20  shows  a  graph  that  compares 
the  divergence  of  the  beam  from  a  He-Ne  laser  with  and  without  collimating  optics. 
Although  the  collimator  initially  makes  the  beam  wider,  it  greatly  decreases  diver¬ 
gence  over  long  distances. 

For  the  beam  to  be  collimated,  the  distance  between  lenses  A  and  B  must  be 
equal  to  the  focal  length  of  the  double-convex  lens  B.  Again,  if  you  don’t  already 
know  the  focal  length  of  this  lens,  determine  it  using  a  point  light  source  and  ruler. 
Collimation  allows  for  the  sharpest  focus  of  the  beam.  Rather  than  simply  expand 
the  laser  beam  to  fill  the  focusing  lens,  first  expand  and  collimate  it. 


Laser  beam  A  Expanded  beam  B  Collimated  beam 


8-19  A  common  optical  arrangement  for  lasers  is  the  beam  expander/collimator,  created  by 
coupling  a  negative  and  positive  lens.  Note  that  this  arrangement  is  modeled  after  the  design 
of  a  simple  Galilean  telescope,  used  in  reverse. 
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Distance  (meters) 

8-20  Beam  divergence  is  greatly  reduced  over  long  distances  by  the  use  of  an  ex¬ 
pander/collimator.  This  graph  shows  the  approximate  beam  spread  of  a  He-Ne 
laser  with  and  without  collimating  optics. 


A  small  telescope  (such  as  a  spotting  scope  or  rifle  scope)  makes  a  good  laser 
beam  collimator.  Just  reverse  the  scope  so  that  the  beam  enters  the  objective  and 
exits  the  eyepiece.  An  inexpensive  ($10)  sports  scope  can  be  used  as  an  excellent 
collimating  telescope.  Mount  the  scope  in  front  of  the  laser  using  clamps  or  brackets. 
Adjust  for  the  smallest  divergence  by  focusing  the  scope. 
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CHAPTER 

Build  a  Michelson 
interferometer 


Albert  A.  Michelson  was  the  first  U.S.  citizen  to  win  the  Nobel  prize  for  science.  The 
1907  award  was  given  to  him  for  his  “precision  optical  instruments  and  the  spectro¬ 
scope  and  metrological  investigations  conducted  herewith.”  Michelson  was  the  in¬ 
ventor  of  a  unique  interferometer  that  opened  up  new  vistas  in  the  science  of  light 
and  optics.  With  the  interferometer,  Michelson  was  able  to  determine — with  un¬ 
precedented  accuracy — the  speed  of  light,  the  wavelength  and  frequency  of  light 
emitted  by  different  sources,  and  the  constancy  of  the  speed  of  light  through  any 
given  medium,  among  other  feats. 

Michelson’s  apparatus  (actually  a  modified  version  of  it)  can  be  reasonably  dupli¬ 
cated  in  the  home  shop  or  garage  using  a  minimum  of  optical  components.  When  fin¬ 
ished,  you’ll  be  able  to  use  your  interferometer  for  many  of  the  same  experiments 
conducted  by  Michelson  and  others.  You  will  learn  first-hand  about  light-wave  interfer¬ 
ence  and  discover  some  interesting  and  useful  properties  of  laser  light.  The  interfer¬ 
ometer  project  presented  provides  an  excellent  springboard  for  a  science  fair  project. 

A  short  history 

Before  launching  into  the  construction  plans  for  the  interferometer,  take  a  moment 
to  review  Michelson  and  his  exotic  contraption. 

Albert  A.  Michelson  was  born  in  Prussia  in  1872.  As  with  many  Europeans  at  the 
time,  Michelson  moved  at  the  age  of  two  with  his  parents  to  the  United  States.  They 
settled  in  the  wide  expanse  of  Virginia  City,  Nevada,  which  was  then  experiencing  a 
mining  boom.  Michelson’s  father  was  not  a  miner,  but  a  shopkeeper.  He  serviced  the 
miners  and  local  community  with  his  dry  goods  store. 

Even  at  an  early  age,  Michelson  showed  great  interest  and  adeptness  in  mathe¬ 
matics.  His  parents  could  not  afford  a  private  college,  but  Michelson  did  manage  to 
be  accepted  by  the  U.S.  Naval  Academy.  After  graduation  and  a  short  stint  at  sea,  he 
accepted  a  job  as  instructor  at  the  academy. 
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Michelson’s  foray  into  light  and  light  physics  came  after  one  of  his  instructors 
asked  him  to  prepare  a  demonstration  of  the  Foucault  method  of  measuring  the 
speed  of  light.  After  studying  the  Foucault  device,  Michelson  saw  several  ways  that 
it  could  be  made  more  accurate,  and  set  about  building  an  improved  homemade  ver¬ 
sion  himself.  In  1878,  he  repeated  Foucault’s  earlier  speed  of  light  measurements 
and  achieved  results  that  were  the  most  accurate  to  date. 

A  few  years  later,  Michelson  began  designs  on  another  apparatus  that  he  be¬ 
lieved  could  measure  the  speed  of  light  with  unmatched  accuracy.  Michelson  also 
wanted  to  learn  more  about  what  scientists  of  his  time  called  ether ,  an  invisible  and 
undetectable  material  that  surrounded  all  matter,  including  space,  planets,  and 
stars.  Though  physical  evidence  of  the  ether  had  never  been  found,  physicists  knew 
it  had  to  exist. 

In  the  1860s,  James  Clerk  Maxwell  had  determined,  on  a  theoretical  level,  that 
light  consists  of  electromagnetic  waves.  Others  postulated  that  if  light  really  consists 
of  waves,  like  water  or  sound  waves,  it  must  travel  in  some  medium.  That  medium, 
though  invisible,  must  be  in  every  nook  and  cranny  in  the  universe. 

With  a  grant  of  about  $500  from  the  Volta  fund,  Michelson  began  work  on  his  first 
interferometer.  The  brass  device,  shown  in  the  sketch  in  Fig.  9-1,  consisted  of  two  op¬ 
tical  bench  arms,  each  about  three  feet  long.  The  arms  were  positioned  in  an  asym¬ 
metrical  cross,  and  in  the  apex  of  the  cross,  a  beam  splitter  was  placed.  At  the  four 
ends  of  the  arms,  he  positioned  a  light  source,  two  mirrors,  and  a  viewing  eyepiece. 


9-1  A  preliminary  sketch  of  the  original  Michelson  interferometer. 

In  operation,  a  beam  of  light  from  an  Argand  lamp  (popular  in  vehicles  and 
drinking  pubs,  as  well  as  in  the  laboratory)  was  passed  through  a  slit  and  lens,  then 
separated  by  the  beam  splitter.  The  two  beams  were  directed  to  a  pair  of  fully  sil¬ 
vered  mirrors  and  re-directed  back  through  the  beam  splitter,  arriving  superimposed 
over  one  another  at  the  eyepiece. 

The  function  of  Michelson’s  interferometer  was  to  split  the  nearly  monochromatic 
light  from  the  lamp  two  ways.  The  two  beams  then  traveled  at  right  angles  to  one  an- 
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other,  proceeding  the  same  distance,  and  then  recombined  at  some  common  converg¬ 
ing  point.  As  with  all  waves  .fringes  appeared  as  the  two  light  beams  recombined. 

The  fringing  is  the  result  of  alternating  reinforcement  and  canceling  of  the 
waves.  Where  the  crests  of  two  waves  meet,  the  light  is  reinforced  and  Michelson 
saw  a  bright  glow.  Where  the  crest  and  valley  of  two  waves  meet,  the  light  is  can¬ 
celed,  causing  a  dark  spot. 

Though  Michelson’s  device  worked,  it  was  extremely  sensitive  to  vibration. 
Minute  disturbances,  such  as  the  changing  of  air  temperature,  the  tap  of  a  dog’s  tail 
on  the  floor  20'  away,  and  even  human  breathing  caused  the  fringes  to  disappear. 
Serious  experiments  with  the  interferometer  were  not  generally  conducted  until 
Michelson  took  the  device  to  the  Potsdam  Astrophysical  Observatory  in  Berlin  and 
mounted  it  on  the  stable  foundation  designed  for  an  equatorial  telescope. 

To  test  for  the  presence,  direction,  and  speed  of  the  ether,  Michelson  rotated  the 
interferometer  and  looked  for  minute  changes  in  the  speed  of  light.  If  the  ether  ex¬ 
isted,  Michelson  and  others  postulated,  it  would  take  longer  for  light  waves  to  travel 
“upstream”  through  the  medium  than  down  or  across  it.  By  rotating  the  device  at  90° 
intervals,  Michelson  hoped  to  find  a  direction  where  a  shift  in  the  fringes  would  show 
that  the  light  was  indeed  taking  longer  to  travel  one  path  over  the  other. 

Alas,  Michelson  could  detect  no  differences  or  changes  in  the  speed  of  light. 
Though  the  interferometer  worked  and  promised  many  breakthroughs,  he  was  dis¬ 
appointed  and  vowed  to  try  again  with  a  larger  and  more  complex  version. 

It  wasn’t  until  1905  that  Albert  Einstein  declared  that  the  ether  did  not  exist  and 
announced  that  light  travels  at  the  same  speed  in  all  directions.  That  explained  why 
Michelson’s  interferometer  detected  no  change.  In  the  meantime,  Michelson  had  de¬ 
vised  several  versions  of  his  unpatented  interferometer,  including  the  interferential 
comparator  for  the  standardization  of  the  meter,  a  mechanical  harmonic  analyzer  for 
testing  the  harmonic  motions  of  interference  fringes,  and  a  stellar  interferometer  for 
measuring  the  size  of  stars.  By  the  turn  of  the  20th  Century,  a  number  of  firms  regu¬ 
larly  manufactured  bench  models  of  the  interferometer,  and  it  became  common  in 
laboratories  around  the  world. 

Even  up  to  his  death  in  1931,  Michelson  kept  busy  trying  to  improve  on  his  ba¬ 
sic  ideas.  His  last  project  was  to  measure,  with  greater  accuracy  than  ever  before, 
the  speed  of  light  through  a  mile-long  vacuum  tube.  It’s  a  pity  that  Michelson  was  not 
born  later,  or  at  least  that  the  laser  was  not  invented  earlier.  Had  Michelson  used  a 
laser  in  his  interferometer  experiments,  he  would  have  realized  an  even  finer  mea¬ 
sure  of  accuracy.  With  the  benefit  of  hindsight,  it’s  easy  to  see  that  modern  physics 
owes  a  lot  to  Michelson’s  pioneering  work.  Devices  and  processes,  such  as  hologra¬ 
phy  and  the  laser  gyroscope,  are  a  direct  outgrowth  of  the  interferometer. 


Building  your  own  interferometer 

Michelson  was  plagued  by  the  problems  of  weak  fringes  in  his  early  interferometers  be¬ 
cause  the  light  source  he  used  was  not  entirely  monochromatic,  and  it  was  certainly 
not  coherent.  With  the  aid  of  a  helium-neon  laser,  you  can  construct  a  complete  and 
working  interferometer  that  displays  vivid,  easy-to-see  fringes.  The  interferometer 
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plans  that  follow  are  a  modification  of  the  Michelson  apparatus.  The  design  presented 
is  generally  referred  to  as  the  Twyman-Green  interferometer ,  after  its  creators. 

As  with  most  optics  experiments,  a  certain  level  of  precision  is  required  for  the 
interferometer  to  work  satisfactorily.  However,  careful  construction  and  attention  to 
detail  should  ensure  that  you  have  a  properly  working  model.  The  design  outlined 
uses  commonly  available  components  and  yields  a  device  that  is  moderately  accu¬ 
rate  in  determining  the  speed  of  light,  light  frequency,  rate  of  rotation,  and  other  ob¬ 
servations.  You  might  want  to  improve  the  basic  design  by  adding  components  that 
provide  a  greater  level  of  precision. 

Component  overview 

A  parts  list  is  included  in  Table  9-1.  The  interferometer  consists  of  an  acrylic  plastic 
base.  Four  bolts  allow  you  to  make  fine  adjustments  in  the  level  and  position  of  the 
base.  A  single  plano-concave  or  double-concave  lens  spreads  the  pencil  beam  of  the 
laser  to  a  larger  spot.  This  allows  you  to  see  the  fringes.  In  the  center  of  the  base  is  a 
glass  plate  beam  splitter,  positioned  at  a  45°  angle  to  the  lens.  The  beam  splitter 
breaks  the  light  into  two  components,  directing  it  to  two  fully  silvered  mirrors. 

One  mirror  is  mounted  on  a  sled  that  can  be  moved  back  and  forth  by  means  of  a 
micrometer.  The  second  mirror,  placed  at  right  angles  to  the  first  mirror,  is  stationary. 
The  final  component  is  a  ground-glass  viewing  screen.  After  reflecting  off  the  mirrors, 
the  two  beams  are  re-directed  by  the  beam  splitter  and  are  projected  onto  the  rear  of 
the  screen.  When  adjusted  properly,  the  two  beams  exactly  coincide  and  fringes  ap¬ 
pear.  You  can  conveniently  view  the  fringes  on  the  front  side  of  the  screen. 

Constructing  the  base 

Cut  a  piece  of  %"  acrylic  plastic  (Plexiglas)  to  9)4”  x  7".  Keep  the  protective  paper  on 
the  plastic  until  you  are  through  with  cutting  and  drilling  to  prevent  chipping. 

Be  sure  that  the  plastic  is  square.  Finish  the  edges  by  sanding  or  burnishing. 
Drill  a  series  of  mounting  holes  using  the  drilling  guide  shown  in  Fig.  9-2.  Although 
there  is  room  for  some  error,  you  should  be  as  accurate  as  possible.  Measure  twice 
and  use  a  drill  press  to  ensure  that  the  holes  are  perpendicular.  Remove  the  protec¬ 
tive  paper  from  the  plastic  and  set  the  base  aside. 

Constructing  the  micrometer  sled 

The  micrometer  sled  is  perhaps  the  most  complicated  component  of  the  interferom¬ 
eter  and  will  take  you  the  longest  to  make.  Notice  that  the  sled  is  optional;  you  don’t 
need  it  if  all  you  want  to  do  is  observe  laser  light  fringes.  The  sled  is  required  only  if 
you  wish  to  perform  some  of  the  more  advanced  experiments  outlined  in  this  chapter. 

The  sled  consists  of  two  214”  lengths  of  W-x-J^'-x-Ke"  extruded  aluminum  chan¬ 
nel  stock.  The  channel  stock  serves  as  a  guide  raft  for  the  sled  and  is  available  at 
most  hardware  and  building  supply  stores.  Cut  the  stock  with  a  hacksaw  and  miter 
box  (to  assure  a  perfect  right-angle  cut),  then  finish  the  edges  with  a  file. 

To  avoid  a  mismatch,  use  the  holes  you  drilled  in  the  base  as  a  template  for 
marking  the  mounting  holes  for  the  channel  stock.  Place  the  stock  on  the  base  and 
mark  the  holes  with  a  pencil.  Drill  the  holes  with  a  %2M  bit.  Remove  the  flash  from  the 
aluminum  with  a  file. 
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Table  9-1.  Michelson  interferometer  parts  list 


Base  and  Legs 

1  9/4-  by  7-inch  %-inch  thick  acrylic  plastic 

4  !4-inch  20  by  2-inch  hex  head  machine  bolt 
4  !4-inch  20  nut 

4  Plastic  discs  (for  feet) 

Micrometer  Sled  (One  Axis  Translation  Table) 

2  214  inch  lengths  4 14-  by  !4-  by  Ke-inch  aluminum  channel  stock 

2  1/4-  by  2%-inch  !/4-inch  thick  acrylic  plastic 

2  %2  by  14-inch  bolts,  nuts 

4  #8  flat  washers 

2  #8  or  #1 0  fender  washers 

4  %2  by  /4-inch  bolt,  nuts 

12  #6  flat  washers 

2  14-  by  %-inch  metal  mending  plate  (one  flat,  one  bent  to  make  an  angle  bracket) 

1  4-inch  length  threaded  rod 

2  %e  locking  nuts 

3  brass  nut  (one  for  soldering  to  straight  metal  mending  plate) 

1  %e  self-tapping  wood  screw 

1  Plastic  wheel  (from  R/C  servo;  for  turning  rod) 

Sled  Mirror 

1  1 14  by  1 14  inch  front-surface  mirror 

1  Small  metal  bracket  (Erector  Set) 

Side  Mirror 

1  114  by  214  inch  front-surface  mirror 

1  Small  metal  bracket  (Erector  Set) 

1  %2  by  /4-inch  bolt,  nut,  flat  washer 

Beam  Splitter 

1  1-  by  3-inch  plate  (coated)  beam  splitter 

1  1/4-inch  L-shaped  metal  girder  (Erector  Set) 

1  %2  by  14-inch  bolt,  nut,  flat  washer 

Lens 

1  8-  to  10-mm  diameter  bi-concave  lens,  in  plastic  or  metal  holder  (measuring  1-inch 
square) 

2  2-inch  flat  metal  strip  (sheet  metal,  brass,  or  similar,  from  Erector  Set) 

1  1/4-  by  %-inch  14-inch  thick  acrylic  plastic 

1  %2-  by  14-inch  bolt,  nut,  flat  washer 

Screen 

1  2/4  by  314  inch  ground  glass 

1  1 /4-inch  L-shaped  metal  girder  (Erector  Set) 

1  %2  by  14-inch  bolt,  nut,  flat  washer 
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All  holes  #19  bit  except 
comers  use  1/4" 


9-2  Drilling  guide  for  the  Michelson  interferometer  base.  Notice  the  gray  hole  for  mounting 
the  second  mirror  directly  to  the  base. 


During  extrusion,  the  aluminum  channel  might  develop  slight  ridges  and  imper¬ 
fections  along  the  surfaces  and  edges.  Remove  these  blemishes  by  rubbing  the  top 
(undrilled  side)  and  edge  with  a  piece  of  300-grit  wet/dry  sandpaper,  used  wet.  The 
object  is  to  make  the  surface  as  smooth  as  possible.  Don’t  use  a  file,  grinding  stone, 
or  other  coarse  tool  because  they  introduce  heavy  and  difficult-to-remove  ridges. 

Set  the  aluminum  pieces  aside  and  construct  the  sled  from  two  14"-thick  acrylic 
plastic  pieces  cut  to  1 14”  by  2%".  Sand  and  burnish  the  edges  of  the  plastic  to  make 
them  smooth  (the  exact  dimensions  of  the  plastic  is  not  important,  so  you  can  safely 
remove  some  of  it  when  finishing  the  edges).  Clamp  the  two  pieces  together  and  drill 
two  holes,  as  shown  in  Fig.  9-3. 
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9-3 

Cutting  and  drilling  guide  for 
the  sled  pieces  (top  and 
bottom). 


Finish  the  sled  by  attaching  the  hardware  shown  in  Fig.  9-4.  The  angle  bracket 
is  a  flat  mending  plate  (J4"-x-%",  available  at  most  hobby  stores),  bent  90°  at  the  mid¬ 
dle.  Before  inserting  the  fender  washers,  select  two,  butt  them  together,  and  check 
the  size.  The  two  washers  should  be  exactly  the  same  size  and  should  not  have  any 
ridges.  Continue  the  selection  process  until  you  find  two  washers  that  are  exactly 
the  same  size. 

The  mirror  mount  in  the  prototype  was  salvaged  from  an  Erector  Set.  You  can 
use  a  similar  mounting  bracket  as  long  as  it  is  sturdy,  yet  can  be  bent  slightly.  Metal 
is  the  best  choice  because  it  prevents  excessive  vibration,  yet  heavy  angle  irons  can’t 


Acrylic  plastic 
(top) 


A 


1/2"  X  8/32  bolt 


#8  washer 


Fender  washer 


#8  washer 


Angle  bracket 


□ID  8/32  nut 

B 


Angle  Bracket 
(1/4"  X  3/4") 


Bend  here 


9-4  Use  the  hardware  shown  to  assemble  the  sled.  (A)  Assembled  sled  (end  view);  (B)  exploded  view 
showing  the  hardware  to  use;  (C)  Bend  a  small,  flat  metal  plate  (available  at  hobby  stores)  to  make  the  an¬ 
gle  bracket. 
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be  easily  bent.  If  you  can’t  scrounge  up  a  bracket  from  an  Erector  Set,  check  around 
a  hobby  shop  for  ideas.  You  are  bound  to  find  something. 

Assemble  the  pieces  of  the  sled  using  the  V2-X-V22  hardware  as  shown,  but  don’t 
tighten  the  bolts  just  yet.  Mount  the  two  aluminum  rails  using  %. bolts.  Use  two 
#6  washers  stacked  on  top  of  one  another  as  spacers.  Attach  nuts  to  each  bolt,  but 
don’t  tighten  them.  A  mounting  assembly  detail  is  shown  in  Fig.  9-5. 


Aluminum  channel 


1/2"  X  6/32  bolt 


9-5 

End  view  of  the  rails.  Use  flat 
washers  as  spacers.  Be  sure  the 
two  channels  are  parallel. 

Base 


Carefully  insert  the  sled  between  the  rails  and  jiggle  things  around  until  every¬ 
thing  fits.  Center  the  sled  between  the  two  rafts  and  tighten  the  rails.  Be  absolutely 
sure  that  the  rails  are  parallel  or  the  sled  won’t  travel  properly.  Once  the  rails  are 
tightened  in  place,  slip  the  sled  back  and  forth  until  it  rides  evenly  on  both  rails. 
Slowly  tighten  the  nuts  sandwiching  the  top  and  bottom  sled  pieces  together. 

If  everything  fits  properly,  the  sled  should  mount  on  the  rails  with  little  or  no 
side-to-side  motion.  If  there  is  excessive  play,  loosen  the  nuts  holding  the  rails  and 
push  the  rails  closer  together,  remembering  to  keep  them  parallel.  After  careful  ad¬ 
justment,  you  should  be  able  to  get  the  rails  close  enough  together  so  that  the  sled 
still  has  freedom  to  move  back  and  forth,  but  with  no  side-to-side  play. 

If  the  sled  doesn’t  move  even  when  the  rails  are  pushed  apart,  the  washers  might 
be  too  thin,  causing  the  top  and  bottom  plastic  pieces  to  clamp  against  the  rafts.  Try 
slightly  thicker  washers.  A  micrometer  is  handy  at  this  point  to  accurately  measure 
the  thickness  of  the  washers.  The  aluminum  rail  should  be  he"  thick,  or  very  close  to 
it.  The  washers  should  be  just  slightly  thicker. 

If  the  sled  binds  at  one  end  or  another,  the  rails  are  not  parallel.  Loosen  and 
readjust  them  as  necessary.  If  both  ends  of  the  sled  are  not  centered  between  in  the 
rails,  it  might  move  at  an  angle  and  cause  considerable  problems  when  you  attempt 
to  use  the  interferometer.  Assuming  that  the  plastic  pieces  of  the  sled  are  square, 
there  should  be  equal  distance  between  the  edges  of  the  sled  and  the  rails.  If  not, 
loosen  the  two  nuts  holding  the  sled  together  and  readjust  them  as  necessary. 

The  sled  is  now  almost  complete.  Pull  the  sled  out  of  the  rails.  Attach  two  %& 
locking  nuts  and  a  4"  length  of  threaded  rod  to  the  angle  bracket  on  the  underside 
of  the  sled,  as  shown  in  Fig.  9-6.  Solder  a  %e  brass  nut  to  a  flat  mending  iron 

(the  same  kind  used  to  make  the  angle  bracket),  and  be  careful  not  to  spill  molten 
solder  inside  the  threads.  One  or  two  small  spots  of  solder  tacked  to  the  outside  of 
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Allow  small  space 

between  bracket  bracke‘  4"  len«th  2/56 


Nuts 

9-6  The  micrometer  screw  is  a  4-inch  length  of  %e  threaded  rod.  Secure  it  to  the  angle 
bracket  with  two  locking  nuts. 

the  nut  should  be  sufficient  (it  took  me  three  tries  to  get  it  right,  so  don’t  despair  if 
your  first  attempt  doesn’t  work  out) . 

With  a  small  bit,  drill  a  hole  3 V"  from  either  side  of  the  base  (see  Fig.  9-7).  Thread 
the  free  end  of  the  rod  through  the  nut/mending  iron,  insert  the  sled  between  the 
rails,  then  secure  the  mending  iron  using  a  %&  self- tapping  screw.  Finish  the  sled  by 
mounting  a  small  pulley  or  plastic  wheel  to  the  end  of  the  rod.  I  used  a  P/e"  diameter 
plastic  hub  designed  for  model  airplane  servos.  The  finished  sled,  mounted  on  the 
base  and  with  mirror  attached  (the  plans  follow),  is  shown  in  Fig.  9-8. 


#48  hole 

(approx.  1/2”  deep) 


End  view  of  base 

9-7  Drilling  guide  for  the  micrometer  screw. 

Notice  that  although  the  micrometer  sled  is  fairly  accurate  and  has  a  usable  res¬ 
olution  of  a  fraction  of  a  millimeter,  it  is  not  precise  enough  for  some  light-measure¬ 
ment  applications.  Methods  of  improving  accuracy  are  provided  later  in  this  chapter. 


Mounting  the  mirrors 

One  of  the  fully  silvered  mirrors  attaches  to  the  bracket  on  top  of  the  sled.  Use  epoxy 
or  a  general-purpose  adhesive  to  stick  the  mirror  against  the  bracket.  The  prototype 
used  Duco  cement,  which  dries  fairly  quickly,  cures  overnight,  and  does  not  discolor 
or  fog  the  mirrors.  The  mirror  attached  to  the  sled  should  measure  approximately 
VA"  wide  by  1/"  tall. 
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9-8  The  finished  sled  (shown  with  mirror  attached) . 


If  you  don’t  use  the  adjustable  sled,  you  can  mount  the  mirror  and  bracket  di¬ 
rectly  to  the  base.  The  drilling  template  for  the  base  shows  the  location  for  the  rear 
mirror  when  no  sled  is  used. 

The  second  fully  silvered  mirror  is  mounted  along  the  right  edge  of  the  base,  us¬ 
ing  the  same  kind  of  bracket  as  the  one  attached  to  the  sled.  The  second  mirror 
should  measure  approximately  1  /"  x  2A".  Secure  the  bracket  for  the  second  mirror 
using  a  W-x-A”  bolt  and  matching  hardware.  Do  not  overtighten. 

Mounting  the  beam  splitter,  lens,  and  viewing  screen 

The  beam  splitter  can  be  ordinary  plate  glass,  but  its  thickness  should  not  exceed 
%2U .  Internal  reflections  in  thicker  glass  can  cause  a  separate  satellite  beam  (that 
beam  can  be  removed  using  electrical  tape,  as  shown  in  Chapter  3,  but  the  close  dis¬ 
tances  between  optics  make  this  a  difficult  task).  The  prototype  used  a  coated,  flat, 
glass  plate  measuring  1"  x  3".  You  can  get  by  with  a  piece  that’s  shorter,  but  stay  away 
from  beam  splitters  that  are  less  than  1"  wide. 

A  right-angle  girder  piece  from  an  Erector  Set  is  an  excellent  mount  for  the 
beam  splitter.  Cut  a  piece  of  girder  to  a  length  of  three  holes  wide,  as  shown  in  Fig. 
9-9,  and  glue  the  beam  splitter  to  the  outside  edge.  When  the  cement  is  dry,  attach 
the  beam  splitter  and  bracket  to  the  center  hole  of  the  base  using  an  Vw-x-Vz  bolt  and 
hardware.  Before  tightening,  position  the  beam  splitter  so  that  it  is  at  a  45°  angle  to 
the  sides  of  the  base.  Don’t  overtighten. 

The  small  beam  from  the  laser  must  be  expanded  before  passing  through  the 
beam  splitter.  A  suitable  choice  is  a  plano-concave  or  bi-concave  lens  approximately 
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9-9  Mount  the  beam  splitter  on  an  Erector  Set  (or  equivalent)  metal  an¬ 
gle  bracket. 


8  to  10  mm  in  diameter.  Focal  length  isn’t  a  major  consideration,  but  you  might  need 
to  choose  another  lens  if  the  spot  on  the  screen  is  excessively  small  or  large. 

Mount  the  lens  using  one  of  the  techniques  outlined  in  Chapter  7,  “Constructing 
an  Optical  Bench.”  A  metal  or  plastic  frame  is  a  good  choice.  Use  flat  girders  from  an 
Erector  Set  or  similar  toy,  bent  at  right  angles  at  the  bottom.  Cement  the  bottom  of 
the  bracket  to  a  piece  of  1  acrylic  plastic.  Drill  a  hole  with  a  #19  bit  in  the 

center  of  the  plastic  and  attach  it  to  the  base  using  %2"-x-%"  bolt  and  hardware. 

The  screen  is  made  from  a  21A"-x-3 %"  piece  of  ground  glass  (plastic  can  also  be 
used).  Mount  the  glass  on  the  same  type  of  girder  used  for  the  beam  splitter.  Once 
the  cement  is  dry,  attach  the  glass  to  the  base  using  an  bolt  and  matching 

hardware.  Position  the  screen  so  that  it  is  parallel  to  the  front  edge  of  the  base.  Once 
more,  don’t  overtighten  the  hardware. 


Attaching  the  legs 

Finish  the  interferometer  by  attaching  the  legs  to  the  four  corners.  Tap  the  four  cor¬ 
ner  holes  with  a  14"  20  tap.  Thread  V"  20  with  2"  machine  bolts  (threaded  all  the  way) 
into  the  holes,  and  secure  them  into  position  with  a  14"  20  nut.  You  can  adjust  the 
overall  height  of  the  interferometer  by  loosening  the  nut  and  turning  the  bolt. 
Retighten  the  nut  when  the  base  is  at  the  proper  height. 

Leveling  discs  (“feet”)  can  be  added  to  the  tips  of  the  bolts,  as  shown  in  Fig.  9-10. 
The  discs  used  in  the  prototype  were  ^"-diameter  x  %"-deep  plastic  chassis  spacers. 
You  can  use  just  about  anything  for  the  feet  in  your  interferometer,  including  plastic 
or  metal  stand-offs,  acrylic  discs  drilled  and  tapped  for  14"  20  hardware,  or  plastic  tor- 
roid  coil  cores.  A  visit  to  any  well-stocked  industrial  surplus  or  supply  outlet  should 
yield  several  good  alternatives.  You  can  compensate  for  slight  differences  in  height  by 
turning  the  discs  one  way  or  the  other.  The  finished  interferometer,  with  sled  and 
feet,  is  shown  in  Fig.  9-11. 
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l/4"-20  X  2"  bolt 


9-11  The  finished  interferometer,  with  all  components  attached  and  aligned. 


Adjustment  and  checkout 

Now  comes  the  fun  part.  Set  the  interferometer  on  a  hard  surface,  preferably  on  a 
concrete  floor  or  sturdy  table  covered  with  carpet  or  foam.  Even  minute  vibrations 
will  upset  the  fringes,  so  it  is  important  that  the  interferometer  be  placed  on  a  stable 
platform.  Thoroughly  clean  all  of  the  optics,  including  the  lens.  Smudges,  dirt,  and 
fingerprints  might  prevent  the  appearance  of  the  fringes  or  make  them  extremely 
difficult  to  see. 
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Turn  the  wheel  on  the  sled  so  that  the  distance  between  the  mirrors  and  beam 
splitter  is  approximately  the  same  (about  3").  Exact  positioning  of  the  sled  is  not  im¬ 
portant.  (Obviously,  if  you  didn’t  construct  the  sled,  you  can  ignore  this  step.) 

Position  a  laser  in  front  of  the  lens  and  direct  the  beam  through  its  center.  Shim 
the  front  or  back  of  the  laser  so  that  the  beam  is  parallel  to  the  base.  Start  out  with 
the  lens  perpendicular  to  the  left  edge  of  the  base.  If  the  expanded  beam  doesn’t 
strike  the  center  of  the  beam  splitter,  move  the  laser  to  the  right  or  left,  as  needed. 

As  depicted  in  Fig.  9-12,  one  half  of  the  beam  should  pass  through  the  beam 
splitter  and  strike  the  side  (for  example,  the  #1)  mirror.  The  other  half  of  the  beam 
should  reflect  off  the  beam  splitter  and  strike  the  rear  (#2)  mirror.  If  the  beam 
doesn’t  hit  the  #2  mirror,  adjust  the  angle  of  the  beam  splitter,  as  needed. 

The  reflected  beam  from  the  #2  mirror  should  pass  directly  through  the  beam 
splitter  and  hit  the  rear  of  the  screen.  It  should  appear  as  a  round,  fuzzy,  red  dot.  The 
reflected  beam  from  mirror  #1  should  strike  against  the  beam  splitter  and  also  pro¬ 
ject  onto  the  rear  of  the  screen.  Most  likely,  this  beam  will  not  match  up  with  the  first 
one.  Adjust  differences  in  horizontal  spacing  by  rotating  the  #1  mirror  on  its  mount. 
You  can  compensate  for  differences  in  vertical  alignment  by  carefully  bending  the 


o 


#1  Mirror 


Frosted  glass 


]  Expanding  lens 


Incoming  beam 


9-12  The  beam  from  the  laser  should  follow  the  path  shown  here.  Be  sure  both  reflected 
beams  from  the  mirrors  align  perfectly  at  the  frosted  glass. 
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#1  and/or  #2  mirrors  up  or  down.  Bend  the  brackets  to  stress  the  metal  only,  not  the 
mirror,  or  you  might  break  the  glass. 

Continue  adjusting  the  mirrors,  lens,  and  beam  splitter  until  the  beams  coincide 
on  the  screen.  It’s  vitally  important  that  the  two  beams  be  as  parallel  as  possible.  Any 
slight  incline,  either  horizontally  or  vertically,  of  one  beam  to  the  other  will  prevent 
the  fringes  from  appearing. 

After  each  adjustment,  especially  after  bending  the  mirror  mounts,  wait  15  to  30 
seconds  for  the  vibrations  in  the  interferometer  to  settle.  Once  you  are  satisfied  that 
the  beams  are  as  parallel  to  one  another  as  possible,  wait  a  few  minutes  and  see  if  the 
fringes  appear.  Although  the  fringes  should  have  a  concentric  bull’s  eye  or  ring  ap¬ 
pearance,  the  pattern  you  see  might  begin  at  the  outside  edges  of  the  patch.  You  can 
center  the  beam  with  the  rings  simply  by  moving  the  laser.  You  will  notice  that  mov¬ 
ing  the  laser  doesn’t  disturb  the  rings  nor  their  position  on  the  screen.  Moving  the 
laser  too  much  will  cause  the  fringes  to  disappear. 

Once  the  fringes  show  up  on  the  screen,  you  can  lightly  tighten  the  optical  com¬ 
ponents  to  the  base.  After  tightening  a  nut  and  bolt,  inspect  the  beam  to  make  sure 
that  the  fringes  are  still  visible.  Notice  that  even  a  small  thump  on  the  base  of  the  in¬ 
terferometer  causes  the  fringes  to  disappear.  Depending  on  where  you  placed  the  in¬ 
terferometer,  vibrations  through  the  ground  or  table  can  also  cause  the  fringes  to  go 
away.  Once  the  vibrations  settle,  the  fringes  should  reappear. 

The  loss  of  distinct  fringes  is  a  nuisance  in  many  laser  projects,  such  as  interfer¬ 
ometry  and  holography,  but  it  is  handy  in  other  applications.  For  example,  you  can 
detect  even  faint  motion  around  a  given  perimeter  by  placing  a  phototransistor  in 
front  of  the  ground  glass  screen.  Changes  in  the  fringes  appear  as  voltage  or  current 
fluctuations  in  the  transistor,  and  an  alarm  circuit  can  announce  a  possible  breach  of 
security.  You  can  even  hear  the  disturbance  by  connecting  an  audio  amplifier  to  the 
phototransistor. 

If  you  built  the  sled,  you  can  experiment  with  the  effects  of  changing  the  dis¬ 
tance  of  the  two  light  paths.  Slowly  turn  the  sled  wheel  and  watch  the  fringes.  Even 
a  slight  movement  of  the  wheel  should  cause  the  fringe  rings  to  move  in  and  out. 
Turning  the  wheel  one  way  causes  the  rings  to  grow  from  the  inside.  Turning  the 
wheel  the  other  way  causes  the  rings  to  shrink  toward  the  center. 

By  looking  at  the  center  spot  of  the  rings,  you  can  move  the  sled  in  precise  in¬ 
crements.  Each  change  from  light  to  dark  denotes  a  movement  of  one-half  of  one 
wavelength.  When  using  a  helium-neon  laser,  one  half  a  wavelength  is  316.4  nanome¬ 
ters  (632.8  nm  -r  2),  or  316.4  billionths  of  a  meter!  As  you  might  guess,  it’s  hard  to 
turn  the  wheel  so  that  you  see  only  one  complete  light-to-dark  or  dark-to-light  tran¬ 
sition.  The  following  section  shows  how  to  increase  the  precision  of  the  sled  so  that 
you  can  use  it  for  accurate  laboratory  experiments. 

If  the  fringes  don't  appear 

In  some  instances,  no  amount  of  tweaking  and  adjustment  can  coax  the  fringes  to  ap¬ 
pear.  What  now?  If  you  have  constructed  the  interferometer  as  described  in  the  text 
and  both  beams  of  light  are  transversing  the  paths  as  indicated  in  Fig.  9-12,  the 
fringes  are  bound  to  show  up  sooner  or  later.  Continue  experimenting  with  the  posi¬ 
tion  of  the  optics  until  they  appear. 
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Misalignment  isn’t  the  only  cause  of  absent  fringes.  Excessive  vibrations,  even 
ones  that  you  and  your  dog  can’t  feel,  can  mask  the  fringes.  Be  sure  that  the  inter¬ 
ferometer  is  on  a  solid  base.  1  first  tried  the  prototype  on  a  carpeted  floor  and  ob¬ 
tained  adequate,  but  frustrating  results.  Things  got  better  when  I  took  the 
contraption  outside  and  placed  it  on  the  concrete  in  the  garage. 

If  you  suspect  excessive  vibration  and  just  can’t  seem  to  find  a  vibration-free 
spot,  try  planting  the  interferometer  in  a  sand  box.  A  similar  type  of  sandbox  is  used 
for  home-brew  holography  and  is  used  for  the  same  reason:  to  eliminate  vibrations 
that  cause  the  fringes  to  shift. 

Loosely  mounted  optics  can  amplify  even  minute  vibrations.  Be  sure  that  the 
mirrors  are  securely  cemented  to  their  mounts  and  that  the  brackets  are  fairly  tight 
on  the  base. 

As  you  learned  in  Chapter  3,  “Introduction  to  Optics,”  air  is  a  refracting  medium. 
Like  a  lens,  air  causes  light  to  bend  and  change  speeds.  If  the  air  is  moving  around 
the  interferometer,  the  density  and  therefore  the  index  of  refraction  is  constantly 
changing.  Understandably,  this  has  a  dramatic  impact  on  the  appearance  of  fringes. 
Avoid  placing  the  interferometer  in  a  drafty  place  or  where  there  might  be  a  sudden 
change  in  temperature. 

If  you’ve  just  taken  the  interferometer  from  a  cool  to  a  warm  atmosphere,  the 
optics  will  slowly  warm  up  and  expand.  This  expansion,  invisible  to  the  eye,  can  also 
inhibit  the  appearance  of  the  rings.  Wait  at  least  15  to  30  minutes  to  acclimate  the  in¬ 
terferometer  to  a  change  in  environment. 

Modifying  the  interferometer 

There  are  a  number  of  ways  to  improve  on  the  basic  interferometer.  By  using  a  rod 
that  has  more  threads  per  inch,  you  achieve  greater  accuracy  over  linear  position.  A 
quick  bit  of  math,  however,  reveals  that  no  single  rod  can  be  machined  accurately 
enough  to  give  a  resolution  good  enough  to  turn  the  wheel  precisely  at  ^-wavelength 
intervals. 

For  example,  with  the  %&  threaded  rod  used,  there  are  56  threads  per  inch.  Each 
revolution,  then,  is  14  of  an  inch,  or  about  0.45  mm.  With  practice,  you  can  move  the 
wheel  in  1°  increments,  or  0.00125  mm  at  a  time.  Smaller  hardware  exists  with  up  to 
160  threads  per  inch,  equal  to  about  0. 159  mm  per  revolution,  or  0.00044  mm  per  de¬ 
gree  of  rotation.  Hardware  this  fine  is  hard  to  get  and  is  fragile.  For  you  to  “dial”  in  a 
half  wavelength  of  time,  the  sled  needs  to  have  a  positional  accuracy  of  greater  than 
0.0003164  mm!  (316.4  nm);  that’s  even  less  than  you  can  hope  for  using  the  ex¬ 
tremely  small  rods  with  160  threads  per  inch. 

An  easier  way  to  approach  this  accuracy  is  by  using  a  gearing  mechanism  that 
reduces  your  movements  to  a  snail’s  pace.  A  suitable  gearbox  can  be  obtained  by  sal¬ 
vaging  the  gearing  mechanism  of  a  small  stepper  or  dc  motor.  Attach  the  control 
wheel  to  the  input  of  the  gear  box;  attach  the  output  of  the  gearbox  to  the  interfer¬ 
ometer  sled  using  a  rubber  band  or  rubber  belt.  The  belt  helps  isolate  the  interfer¬ 
ometer  from  vibration. 

Using  the  more  commonly  available  2/4  threaded  rod,  you  can  achieve  a  position¬ 
ing  accuracy  of  about  0.00014  mm  (140  nm)  using  the  16:1  gear  box  supplied  with  a 
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typical  surplus  dc  stepper  motor  (the  gear  ratio  might  differ,  depending  on  the  exact 
model). 

Even  with  an  improved  gearing  system,  however,  the  sled  might  still  not  offer 
sufficient  resolution  for  some  applications.  There  is  a  limit  to  what  garage  shop  tin¬ 
kering  can  do.  A  machinist  can  rebuild  the  sled  using  aluminum  stock  and  a  manual 
or  numerically  controlled  mill.  In  addition,  a  number  of  ready-made  products  that  do 
the  same  thing  are  available.  Industrial  manufacturers  sell  optical  bases  (called 
translation  stages )  that  have  extremely  fine  precision.  Similar  (but  generally  less 
expensive)  models  with  micrometer  adjustment  bases  are  available  at  most  any  ma¬ 
chinist  supply  outlet. 

One  other  method  is  to  use  the  works  of  a  student’s  micrometer.  These  are  avail¬ 
able  for  $20  or  less  at  many  hardware  stores  and  have  a  measurement  accuracy  of 
0.001  of  an  inch  (0.0254  mm),  but  you  can  dial  in  smaller  amounts.  With  proper  gear¬ 
ing  and  careful  control  of  the  knob,  you  can  obtain  far  greater  resolution.  A  16:1  gear 
ratio — which  you  can  make  yourself  using  small  plastic  or  brass  gears  pulled  from  a 
small  dc  motor — should  provide  enough  accuracy  to  move  the  mirror  at  half-wave¬ 
length  steps. 

Another  modification  of  the  interferometer  is  removing  the  viewing  screen.  By 
removing  the  screen,  you  can  project  the  fringe  pattern  on  a  wall  or  other  surface. 
The  larger  bull’s  eye  makes  viewing  and  counting  the  fringes  easier.  Calibrate  and 
graduate  the  screen  for  easier  measurements. 

Try  bouncing  the  fringe  pattern  onto  a  separate,  larger,  rear-projection  (frosted 
glass  or  plastic)  screen.  A  graduated  and  calibrated  magnifier  (such  as  those  used  in 
the  optics  and  publishing  trades),  can  then  be  placed  directly  against  the  screen 
without  worry  of  upsetting  the  interferometer. 

The  Michelson  interferometer  can  be  used  with  a  number  of  light  sources.  If  you 
have  other  lasers  that  operate  at  different  wavelengths,  such  as  argon  or  krypton, 
you  can  compare  fringe  patterns  and  calculate  the  differences  in  wavelengths.  Both 
argon  and  krypton  lasers  emit  several  strong  lines  of  visible  light;  you  can  separate 
these  with  a  prism  or  dichroic  filter.  After  separation,  the  beam  can  be  sent  through 
the  lens  of  the  device. 

Interferometric  experiments 

Although  the  Michelson  interferometer  provides  a  wealth  of  hands-on  experience  in 
optics,  interference,  and  lasers,  it’s  nice  to  be  able  to  actually  do  something  with  the 
contraption.  Here  are  some  ideas. 

Structural  stress 

Remove  mirror  #2  from  the  slide  and  mount  it  on  a  wall.  Position  the  interferometer 
base  close  to  the  wall,  but  be  sure  that  the  device  doesn’t  touch  the  wall.  Apply  pres¬ 
sure  on  the  wall  (anywhere)  and  you  should  see  a  shift  in  the  fringes.  Even  a  brick 
wall  under  light  pressure  by  a  child’s  hand  will  show  some  movement. 

If  the  stress  on  the  wall  is  not  too  great,  project  the  fringe  pattern  on  a  larger 
surface.  This  enables  you  to  more  accurately  measure  the  distance  of  travel.  Each 
light-to-dark  or  dark-to-light  transition  of  the  center  bull’s  eye  in  the  pattern  denotes 
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a  change  of  316.4  nanometers.  You’ll  find  that  a  wood  or  plaster  wall  can  bow  so 
much  that  you’ll  spend  the  greater  part  of  the  evening  counting  fringes! 

Linear  measurement 

By  attaching  a  small  pointer  to  the  sled,  you  can  measure  the  size  of  objects  with 
amazing  accuracy.  Again,  each  transition  of  the  bull’s  eye  pattern  marks  a  change  of 
316.4  billionths  of  a  meter.  With  an  extra  bit  of  work,  it’s  possible  to  locate  the  stage 
of  a  microscope  on  the  base  of  the  interferometer  and  sled.  With  the  microscope,  the 
pointer  (such  as  a  tungsten  filament  or  even  a  strand  of  human  hair)  can  be  more 
easily  seen  than  with  the  unaided  eye. 

Study  effects  of  refraction 

Placing  any  object  in  front  of  either  mirror  #1  or  #2  causes  a  shift  in  the  time  it  takes 
for  light  to  traverse  the  two  paths.  You  can  study  the  effects  of  refraction  in  air  by 
blowing  gently  through  a  tube.  Place  the  end  of  the  tube  in  either  optical  path  and 
watch  the  fringes  move.  Try  other  objects,  such  as  lenses,  smoke,  and  water. 

Similarly,  you  can  explain  the  shimmer  of  a  desert  mirage  by  heating  up  the  air 
around  the  interferometer  and  watching  the  fringes  appear  and  disappear.  Although 
a  mirage  doesn’t  involve  lasers,  you  can  easily  see  how  a  rise  in  temperature  causes 
a  change  in  the  refractive  index  of  air.  A  “real”  mirage  looks  like  a  shimmering  oasis 
that  awaits  a  weary  traveler,  but  in  reality,  it  is  air  set  in  motion  by  the  heat.  The  dif¬ 
ferent  densities  of  the  air  cause  unusual  refraction  effects. 

Fringe  counter 

Some  experiments  move  the  fringes  too  quickly  and  all  you  see  is  a  blur.  A  counter 
circuit  can  be  used  to  count  the  number  of  light-to-dark  or  dark-to-light  transitions 
of  the  shifting  fringe  pattern — even  if  the  fringes  move  several  thousand  times  per 
second.  See  Fig.  9-13  and  the  parts  list  in  Table  9-2. 

Remove  the  ground-glass  viewing  screen  on  the  interferometer.  Place  the  pho¬ 
totransistor  behind  a  simple  focusing  lens  (such  as  a  20-  to  40-mm  focal-length  bi¬ 
convex  lens),  at  least  2'  or  3'  from  the  interferometer.  At  this  distance,  the  fringe 
pattern  should  be  fairly  large  and  the  lens  and  transistor  should  be  able  to  discrimi¬ 
nate  separate  circular  fringes. 

Connect  the  counter  to  the  output  of  the  amplifier  and  reset  it  to  0000.  Move  the 
sled  and  watch  the  counter.  It  should  read  some  number.  Notice  that  the  accuracy 
won’t  be  100%,  but  the  counter  should  be  able  to  read  at  least  90  to  95  fringe 
changes  out  of  100  (accuracy  drops  dramatically  if  the  interferometer  is  exposed  to 
vibrations).  You  can  improve  the  count  accuracy  by  turning  out  all  room  lights. 

Other  types  of  interferometers 

The  Michelson/Twyman-Green  apparatus  is  only  one  of  many  types  of  interferome¬ 
ters  developed  over  the  last  75  years  or  so.  A  variety  of  interferometer  types  are 
shown  in  Fig.  9-14.  These  interferometer  designs  using  corner  cubes  do  not  reflect 
the  beam  back  into  the  laser  cavity.  This  back-to-the-source  reflection  can  perturb 
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9-13  Circuit  schematic  for  counting  fringes.  (A)  Complete  circuit  using  the  National  Semiconductor  74C926 
all-in-one  counter  chip;  (B)  Adding  a  Schmitt  trigger  to  provide  a  clean  square-wave  input  for  the  counter 
chip  (insert  it  between  pin  6  of  IC1  and  pin  12  of  IC2;  (C)  Pin-out.  diagram  for  the  74C926. 
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Table  9-2.  Fringe  Counter  Circuit  Parts  List 


Full  Counter 


IC1  741  op  amp 

IC2  National  Semiconductor  74C926  integrated  four  digit  counter 

IC 

R1  1-kW  resistor 

R2  250-kQ  potentiometer 

R3  10-kQ  to  10M-D  resistor 

R4  100-kQ  resistor 

R5-R12  330-Q  resistor  (not  required  if  supply  voltage  is  under  5  vdc) 

Q1-Q4  2N2222  transistor 

Q5  Infrared  phototransistor 

LED  1-4  Common  cathode  seven  segment  LED  display 

SI  SPST  switch 


Optional  Wave  Shaping  Electronics 


1  0.01-jiF  disc  capacitor 

1  1 -megohm  resistor 

2  1N4001  diode 

1  74C14  or  40106  Schmitt  trigger  IC 


All  resistors  are  5-10  percent  tolerance,  K-watt.  All  capacitors  are  10-20  percent  tolerance, 
rated  35  volts  or  more. 


the  laser  wavelength,  making  fringe  counts  meaningless.  Notice  that  more  accurate 
fringe  counts  can  also  be  obtained  using  thick  plate  beam  splitters  or  cube  beam  split¬ 
ters,  where  unwanted  reflections  and  satellite  beams  are  either  non-existent  or  can 
be  masked  off  using  black  tape.  (Full  details  on  both  plate  and  cube  beam  splitters,  as 
well  as  corner-cube  (porro)  prisms,  are  in  Chapter  3,  “Introduction  to  Optics.”) 

Another  type  of  interferometer  is  shown  in  Fig.  9-15  (a  parts  list  for  this  and  the 
remaining  experiments  in  this  chapter  is  in  Table  9-3).  This  is  called  a  L loyd’s  Mirror 
interferometer  and  it  consists  of  a  double-concave  lens,  a  double-convex  lens,  and  a 
microscope  slide.  By  placing  the  components  as  shown  in  the  figure,  it’s  possible  to 
calculate  the  wavelength  of  the  light  using  the  formula  for  double-slit  diffraction  (see 
the  previous  chapter  for  more  details).  Notice  that  the  double-convex  converging 
lens  is  removed  from  the  light  path  in  order  to  see  the  fringes  on  the  viewing  screen. 

One  interesting  interference  effect  can  be  used  to  dazzle  an  audience  during  a 
light  show.  Simply  shine  a  laser  beam  onto  a  front-surface  mirror  and  position  the 
mirror  so  that  the  beam  strikes  a  wall  or  ceiling.  Dip  a  cotton  swab  in  rubbing  alco¬ 
hol  and  spread  the  alcohol  over  the  mirror.  As  the  alcohol  dries,  you  see  constantly 
moving  lightforms  swirling  on  the  wall  or  ceiling.  Tilt  the  mirror  at  an  angle  and  some 
of  the  alcohol  will  run  down  the  mirror  producing  more  effects. 

Other  effects  of  interference  can  be  demonstrated  using  a  microscope  slide. 
Hold  the  slide  up  to  a  slightly  expanded  laser  beam,  as  shown  in  Fig.  9-16.  Some  of 
the  light  is  internally  reflected  inside  the  slide  until  it  finally  exits  and  strikes  the 
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9-14  Corner  cubes  can  be  used  to  make  interferometers  that  don’t  cause 
reflected  light  to  re-enter  the  laser.  Three  different  approaches  are  shown 
here. 

screen.  Interference  fringes  appear  on  the  screen  because  of  the  many  reflections  of 
light  inside  the  glass. 

Another  experiment  shows  the  effects  of  interference  caused  by  heat  expan¬ 
sion.  Spread  the  beam  slightly  with  a  double-concave  lens  and  shine  it  through  a  mi¬ 
croscope  slide.  Touch  a  hot  soldering  iron  to  the  glass  and  watch  the  fringes  appear 
around  the  point  of  contact  with  the  iron. 


Build  a  Michelson  interferometer  155 


Adjust  for 


sharpest  spot 
(about  10  cm) 


Remove  adjust  adjusting 


it  grazes  beam,  producing  second 
spot  of  light  on  screen 


9-15  A  Lloyd’s  Mirror  interferometer  consists  of  a  laser,  two  lenses,  and  microscope  slide  (or 
other  piece  of  flat  glass).  Arrange  the  components  as  shown  and  watch  the  interference 
fringes  appear  at  the  screen. 


Table  9-3  Lloyd's  Mirror 
Interferometer  Parts  List 


1  Laser 

1  Bi-concave  lens  (10-  to  20-mm  diameter) 
1  Bi-convex  lens  (20-  to  30-mm  diameter) 

1  Microscope  slide 
1  Viewing  screen 


9-16  An  expanded  beam  passed  through  a  microscope  slide  shows  interference  fringes 
when  the  beam  spots  are  projected  on  a  screen. 
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CHAPTER 

Introduction  to 
semiconductor  lasers 


The  typical  5-mW  helium-neon  gas  laser  measures  almost  2"  in  diameter  by  10  to  15" 
in  length.  Imagine  stuffing  it  all  into  a  size  no  larger  than  the  dot  in  the  letter  i\  Such 
is  the  semiconductor  laser.  A  close  relative  to  the  ordinary  light-emitting  diode,  the 
semiconductor  laser  is  made  in  mass  quantities  from  wafers  of  gallium  arsenide  or 
similar  crystals. 

In  quantity,  low-  to  medium-power  semiconductor  lasers  cost  from  $5  to  $35. 
Such  lasers  are  used  in  consumer  products,  such  as  compact  audio  disc  players  and 
laser  disc  players,  as  well  as  bar-code  readers  and  fiberoptics  data  links.  With  the 
proliferation  of  these  and  other  devices,  the  cost  of  laser  semiconductors  (or  laser 
diodes)  is  expected  to  drop  even  more. 

This  chapter  presents  an  overview  of  the  diode  laser:  how  it’s  made,  the  various 
types  that  are  available,  and  how  to  use  them  in  your  experiments.  The  low  cost  of 
semiconductor  lasers — typically  $10  on  the  surplus  market — make  them  ideal  for 
school  or  hobbyist  projects,  where  a  tight  budget  doesn’t  allow  for  more  expensive 
gas  lasers. 

The  insides  of  a  semiconductor  laser 

The  basic  configuration  of  the  diode  laser  (sometimes  called  an  injection  laser )  is 
shown  in  Fig.  10-1.  The  laser  is  composed  of  a  pn  junction,  similar  to  that  used  in 
transistors  and  LEDs.  A  chunk  of  this  material  is  cut  from  a  larger  silicon  wafer,  and 
the  ends  are  cleaved  precisely  to  make  the  diode  clip.  Wires  are  bonded  to  the  top 
and  bottom.  When  current  is  applied,  light  is  produced  inside  the  junction.  As  it 
stands,  the  device  is  an  LED— the  light  is  not  coherent. 

An  increase  in  current  causes  an  increase  in  light  output.  The  cleaved  faces  act 
as  partially  reflective  mirrors  that  bounce  the  emitted  light  back  and  forth  within  the 
junction.  Once  amplified,  the  light  exits  the  chip.  This  light  is  temporally  and  spa- 
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10-1  Design  of  a  semiconductor  laser  chip,  showing  cleaved  face  and  p-n  junction. 


tially  coherent,  but  because  of  the  design  of  the  diode  chip,  it  is  not  very  directional. 
The  beam  of  most  laser  diodes  is  elliptical,  with  a  spread  of  about  10°  to  35°. 

The  first  laser  diodes,  created  in  1962  (shortly  after  the  introduction  of  the  ruby 
and  helium-neon  lasers),  were  composed  of  a  single  material  forming  one  junction — 
a  homojunction.  These  could  be  powered  only  in  short  pulses  because  the  heat  pro¬ 
duced  within  the  junction  would  literally  cause  the  diode  to  explode.  Continuous 
output  could  only  be  achieved  by  dipping  the  diode  in  a  cryogenic  fluid,  such  as  liq¬ 
uid  nitrogen  (with  a  temperature  of -196°  C,  -320°  F). 

As  manufacturing  techniques  improved,  additional  layers  were  added  in  varying 
thicknesses  to  produce  a  heterojunction  diode.  The  simplest  heterojunction  semi¬ 
conductor  lasers  have  a  gallium  arsenide  (GaAs)  junction  topped  off  by  layers  of  alu¬ 
minum  gallium  arsenide  (AlGaAs).  These  can  produce  from  3  to  10  watts  of  optical 
output  when  driven  by  a  current  of  approximately  10  amps.  At  such  high  outputs, 
the  diode  must  be  operated  in  pulsed  mode. 

Typical  specifications  for  single  heterostructure  (sh)  lasers  call  for  a  pulse  du¬ 
ration  of  less  than  200  nanoseconds.  Most  drive  circuits  operate  the  diode  laser  con¬ 
servatively  with  pulse  durations  under  75  or  100  ns.  The  output  wavelength  is 
generally  between  780  run  and  904  nm. 

A  double  heterostructure  (dh)  laser  diode  is  usually  made  by  sandwiching  a 
GaAs  junction  between  two  AlGaAs  layers.  This  helps  confine  the  light  generated 
within  the  clip  and  allows  the  diode  to  operate  continuously  (called  continuous 
wave ,  or  CW)  at  room  temperature.  The  wavelength  can  be  altered  by  varying  the 
amount  of  aluminum  in  the  AlGaAs  material.  The  output  wavelength  can  be  between 
635  and  900  nm,  with  780  nm  being  most  common  for  near-infrared  models,  and 
670  nm  the  current  favorite  for  visible  red  versions. 

The  power  output  of  a  double  heterostructure  laser  is  considerably  less  than 
with  a  single  heterostructure  diode.  Most  dh  lasers  produce  3  to  5  mW  of  light,  al- 
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though  some  high-output  varieties  can  generate  up  to  500  mW,  yet  can  still  be  oper¬ 
ated  at  room  temperature  (indeed,  some  high-cost  CW  lasers  can  produce  up  to  2.6 
watts  of  optical  power,  but  these  are  rare  and  very  expensive).  High-output  laser 
diodes  are  available  in  TO-3  transistor-type  cases  and  are  mounted  on  suitable 
heatsinks.  A  typical  application  for  high-output  lasers  is  long-haul  (long-distance) 
fiberoptic  data  links. 

Powering  a  diode  laser 

Single  heterostructure  lasers  are  typically  driven  by  applying  a  high-voltage,  short- 
duration  pulse.  The  duration  of  the  pulse  is  controlled  by  an  RC  network,  as  shown 
in  the  basic  schematic  in  Fig.  10-2,  and  the  pulse  is  delivered  by  a  power  transistor. 
Care  must  be  exercised  to  ensure  that  the  pulse  duration  does  not  exceed  the  max¬ 
imum  specified  by  the  manufacturer.  Longer  pulses  cause  the  laser  to  overheat,  an¬ 
nihilating  itself  in  a  violent  puff  of  smoke. 


+100V 


(or  more) 


10-2 

One  way  to  drive  a  single 
heterostructure  laser  diode.  The 
transistor  is  driven  in  avalanche 
mode,  producing  current,  but 
short-duration  pulses. 


Double  heterostructure  semiconductor  lasers  can  be  operated  either  in  pulsed 
or  CW  mode.  In  pulsed  mode,  the  diode  is  driven  by  short,  high-energy  spikes,  as 
with  an  sh  laser.  Power  output  might  be  on  the  order  of  several  watts,  but  because 
the  pulses  are  short  in  duration,  the  average  power  is  considerably  less.  In  CW 
mode,  a  low- voltage  constant  current  is  applied  to  the  laser  outputs  in  a  steady 
stream  of  light.  CW  lasers  and  drive  circuits  are  used  in  compact  disc  players,  where 
the  light  emitted  by  the  laser  is  even  more  coherent  than  the  beam  from  the  revered 
He-Ne  tube. 

Forward-drive  current  for  most  CW  lasers  is  in  the  neighborhood  of  50  to  80  mA. 
That’s  50  to  200%  higher  than  the  forward  current  used  to  power  light-emitting 
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diodes.  If  a  CW  laser  is  provided  less  current,  it  can  still  emit  light,  but  it  won’t  be 
laser  light.  The  device  lases  only  when  the  threshold  current  is  exceeded — typically 
a  minimum  of  40  to  60  mA.  Conversely,  if  the  laser  is  provided  too  much  current,  it 
generates  excessive  heat  and  is  soon  destroyed. 


Monitoring  power  output 

All  laser  diodes  are  susceptible  to  changes  in  temperature.  As  the  temperature  of  a 
semiconductor  laser  increases,  the  device  becomes  less  efficient  and  its  light  output 
falls.  If  the  temperature  decreases,  the  laser  becomes  far  more  efficient.  With  the  in¬ 
crease  in  output  power,  there  is  a  risk  of  damaging  the  laser,  so  most  CW  drive  cir¬ 
cuits  incorporate  a  feedback  loop  to  monitor  the  temperature  or  output  power  of  the 
device  and  adjust  its  operating  current  accordingly. 

Sensing  temperature  change  requires  an  elaborate  thermal-sensing  device  and 
complicated  constant-current  reference  source.  An  easier  approach  is  to  monitor 
the  light  output  of  the  laser.  When  the  output  increases,  current  is  decreased.  Con¬ 
versely,  when  the  output  decreases,  current  is  increased. 

To  facilitate  the  feedback  system,  the  majority  of  CW  laser  diodes  now  incorpo¬ 
rate  a  built-in  photodiode  monitor.  This  photodiode  is  positioned  at  the  opposite  end 
of  the  diode  chip,  as  shown  in  Fig.  10-3,  and  it  samples  a  small  portion  of  the  output 
power.  The  photodiode  is  connected  to  a  relatively  simple  comparator  or  op-amp  cir¬ 
cuit.  As  the  power  output  of  the  laser  varies,  the  current  (and  voltage)  of  the  photo¬ 
diode  monitor  changes.  The  feedback  circuit  tracks  these  changes  and  adjusts  the 
voltage  (or  current)  supplied  to  the  laser.  The  feedback  circuit  can  be  designed 
around  discrete  parts  or  a  custom-made  IC.  Actual  driving  circuits  using  both  de¬ 
signs  are  presented  in  the  following  chapter.  There  is  also  a  schematic  for  driving  a 
CW  laser  in  pulsed  mode. 


Connecting  the  laser  to  the  drive  circuit 

The  laser  and  photodiode  are  almost  always  ganged  together,  using  one  of  two  ap¬ 
proaches.  Either  the  anode  of  the  laser  is  connected  to  the  cathode  of  the  photodi¬ 
ode,  or  the  cathodes  are  grouped  together.  That  leaves  three  terminals  for 
connecting  the  diode  to  the  control  circuits.  Schematic  diagrams  for  the  two  ap¬ 
proaches  are  illustrated  in  Fig.  10-4.  A  sample  terminal  layout  for  the  popular 
Sharp  laser  diodes  (as  used  in  bar  code  readers  and  compact  disc  players)  is  shown 
in  Fig.  10-5. 

There  is  a  danger  of  damaging  a  laser  diode  by  improperly  connecting  it  to  the 
drive  circuit.  Connecting  a  50-  to  80-mA  current  source  to  the  photodiode  will  prob¬ 
ably  burn  it  out  and  can  destroy  the  entire  laser.  Moral:  follow  the  hook-up  diagram 
carefully.  If  no  diagram  came  with  the  laser  diode  that  you  received,  write  to  the 
seller  or  manufacturer  and  ask  for  a  copy  of  the  specifications  sheet  or  application 
note. 
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10-3  The  orientation  of  the  laser  and  monitor  photodiode  chips  in  a  typ¬ 
ical  double-heterostructure  semiconductor  laser. 
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10-4  Two  ways  of  internally  connecting  the  laser  and  the  monitor  photodiode. 
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Bottom  View 


Top  View 


10-5  Package  outline  and  terminal  configuration  for  the  Sharp  LT020  laser 
diode. 


Handling  and  safety  precautions 

Although  the  latest  semiconductor  lasers  are  hearty,  well-made  beasts,  they  do  re¬ 
quire  certain  handling  precautions.  And,  even  though  they  are  small,  they  still  emit 
laser  light  that  can  be  potentially  dangerous  to  your  eyes.  Keep  these  points  in  mind: 

•  Always  make  sure  the  terminals  of  a  laser  diode  are  connected  properly  to 
the  drive  circuit  (I’ve  covered  this  already,  but  it’s  most  crucial). 

•  Never  apply  more  than  the  maximum  forward  current  (as  specified  by  the 
manufacturer),  or  the  laser  will  burn  up. 

•  Handle  laser  diodes  with  the  same  care  that  you  extend  to  CMOS  devices. 
Wear  an  anti-static  wrist  strap  while  handling  the  laser,  and  keep  the  device 
in  a  protective,  anti-static  bag  until  you  are  ready  to  use  it. 

•  Use  only  a  grounded  soldering  pencil  when  attaching  wires  to  the  laser  diode 
terminals.  Limit  soldering  duration  to  less  than  5  seconds  per  terminal. 

•  Never  connect  the  probes  of  a  volt-ohmmeter  across  the  terminals  of  a  laser 
diode  (the  current  from  the  internal  battery  of  the  meter  can  damage  the 
laser) . 

•  Use  only  batteries  or  well-filtered  ac  power  supplies.  Laser  diodes  are 
susceptible  to  voltage  transients  and  can  be  ruined  when  powered  by  poorly 
filtered  line-operated  supplies. 

•  Be  careful  not  to  short  the  terminals  of  the  laser  during  operation. 

•  Avoid  looking  into  the  window  of  the  laser  while  it  is  operating — even  if  you 
can’t  see  any  light  coming  out.  This  is  especially  important  if  you  have  added 
focusing  or  collimating  optics. 

•  Mount  the  laser  diode  on  a  suitable  heatsink,  preferably  larger  than  1" 
square.  Use  silicone  heat  transfer  paste  to  ensure  a  good  thermal  contact 
between  the  laser  and  the  heatsink.  You  can  buy  heatsinks  ready-made  or 
construct  your  own.  Some  ideas  for  heatsinks  appear  in  the  next  section. 

•  Insulate  the  connections  between  the  laser  diode  and  the  drive  to  minimize 
the  chance  of  short  circuits.  Use  shielded  three-conductor  wire  to  reduce 
induction  from  nearby  high-frequency  sources. 
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•  Laser  diodes  are  subject  to  the  same  CDRH  regulations  as  any  other  laser  in 
its  power  class.  Apply  the  proper  warning  stickers  and  advise  others  not  to 
stare  directly  into  the  laser  when  it  is  on. 

•  Unless  otherwise  specified  by  the  manufacturer,  clean  the  output  window  of 
the  laser  diode  with  a  cotton  swab  dipped  in  ethanol.  Alternatively,  you  can 
use  optics-grade  lens  cleaning  fluid. 

Mounting  and  heatsinks 

Most  laser  diodes  lack  any  means  by  which  to  mount  them  in  a  suitable  enclosure. 
Their  compact  size  does  not  allow  for  mounting  holes.  However,  with  a  bit  of  ingenu¬ 
ity,  you  can  construct  mounts  that  secure  the  laser  in  place  as  well  as  provide  the  rec¬ 
ommended  heatsinking.  One  approach  is  to  clip  the  laser  in  place  using  a  fuse  holder, 
as  shown  in  Fig.  10-6.  You  might  have  to  bend  the  holder  out  a  bit  to  accommodate 
the  laser.  Mount  the  clip  on  a  small  piece  of  aluminum  or  a  TO-220  heatsink.  Use  sili¬ 
cone  paste  at  the  junction  of  all-metal  pieces;  this  assists  in  proper  heat  transfer. 

Retaining  ring 


10-6 

^  Heatsink  A  fuse  clip  can  be  used  as  a 

simple  heatsink  for  a 
semiconductor  laser. 

. .  "'Laser  diode 


Another  method,  detailed  in  Fig.  10-7,  is  to  drill  a  hole  the  same  diameter  as  the 
laser  in  an  aluminum  heatsink.  Use  copper  retaining  clips  (available  at  the  hobby  store) 
to  secure  the  laser  in  place.  Once  again,  apply  silicone  paste  to  aid  in  heat  transfer. 

Some  lasers  are  available  on  the  surplus  market,  like  that  shown  in  Fig.  10-8,  and 
are  already  attached  to  a  heatsink  and  mount.  The  mount  doubles  as  a  raft  for  colli¬ 
mating  and  beam-shaping  optics.  You  can  use  the  laser  with  or  without  these  optics, 
of  course,  or  substitute  with  your  own. 

Sources  for  laser  diodes 

Laser  diodes  are  seldom  sold  at  the  neighborhood  electronics  store,  and  as  of  this 
writing,  Radio  Shack  does  not  carry  the  device  as  a  replacement  or  experimenter's 
item.  That  leaves  buying  your  laser  diodes  directly  from  the  manufacturer,  through 
an  authorized  manufacturer’s  representative,  or  through  surplus  dealers.  Buying  di¬ 
rect  from  the  manufacturer  or  rep  ensures  you  of  receiving  prime,  new  goods,  but 
the  cost  can  be  high.  Average  cost  for  a  new  3-  to  5-mW  laser  CW  diode  is  about  $30. 
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10-7  Use  a  flexible  copper  retaining  ring  to  hold  a  diode  to  the  heatsink.  Use  silicone  heatsink 
paste  to  aid  in  proper  heat  transfer. 


10-8.  A  commercially  made  “sled”  with  laser  diode  (left  side)  and  beam-shaping  optics  in 
stalled. 
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Names  and  addresses  of  manufacturers  are  in  Appendix  A.  You  can  locate  local  rep¬ 
resentatives  by  writing  to  the  manufacturer,  or  look  in  the  Yellow  Pages  under  “Elec¬ 
tronics — Wholesale  and  Retail.” 

The  same  or  similar  device  on  the  surplus  market  is  about  $10  to  $15,  depend¬ 
ing  on  the  power  output  and  wavelength.  Several  of  the  surplus  mail-order  dealers 
listed  in  Appendix  A  offer  sh  and  dh  laser  diodes;  write  them  for  a  current  catalog. 
Many  also  provide  kits  and  ready-made  drive/power  supply  circuits.  Be  aware  that, 
at  this  time,  many  surplus  laser  diodes  are  take-outs,  meaning  that  they  were  used 
in  some  product  that  was  later  retired  and  scrapped.  Although  buying  used  He-Ne 
tubes  can  be  a  chancy  affair,  the  risk  of  buying  pre-owned  laser  diodes  is  minimal. 
Like  all  solid-state  electronics,  the  lifespan  of  a  laser  diode  is  extremely  long — in  ex¬ 
cess  of  5,000  to  10,000  hours  of  continuous  use. 

Build  a  pocket  laser  diode 

You  can  build  a  complete  laser  in  a  box  about  the  size  of  a  pack  of  cigarettes.  Figure 
10-9  shows  the  basic  layout;  Table  10-1  provides  the  parts  list.  In  all  cases,  you  can 


Laser  assembly 


Case  (top  view) 


Brass  tube 


Laser/optics  assembly  detail 

10-9  Basic  layout  for  the  pocket  laser,  showing  the  on/off  switch,  power  jack, 
laser  assembly,  and  driver  board. 
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Table  10-1.  Pocket  laser  parts  list 


1  Laser  diode;  Sharp  LT020,  LT022,  or  equivalent 
1  RG-59U  solderless  video  connector 
1  1-inch  length  he-inch  (I.D.)  brass  tube 
1  10-mm  diameter,  15-mm  focal  length  bi-convex  lens 

1  SPST  switch  (DPDT  switch  for  dual-ended  supply) 

1  14-inch  jack  (2-  or  3-conductor,  depending  on  supply) 
1  Driver  board  (see  Chapter  12) 

1  3/-  by  214-  by  114-inch  plastic  project  box 


mount  the  components  on  a  universal  solder  PC  board  and  fit  the  whole  thing  in  a 
3/4-x-2/4-x-H4"  plastic  experimenter's  box.  Drill  holes  for  the  switch,  power  jack,  and 
lens  tube.  The  lens  hole  should  be  %"  in  diameter. 

Saw  off  a  VC'  OD  brass  tube  and  mount  the  laser  inside.  The  tube  is  available  at 
most  hobby  stores,  and  are  available  in  different  diameters;  the  diameters  are  de¬ 
signed  so  that  you  can  “telescope”  smaller-diameter  tubes  into  the  larger-diameter 
ones.  Use  all-purpose  adhesive  to  secure  a  10-mm  double-concave  lens  (with  a  focal 
length  of  about  15  mm)  inside  one  end  of  a  1"  length  of  a  VC1  (I.D.)  brass  tube.  Fit  the 
laser  diode  in  the  lens  tube  and  mount  the  tube  in  the  enclosure.  Use  all-purpose  ad¬ 
hesive  to  keep  it  in  place.  You  can  adjust  the  spacing  between  the  laser  and  lens  later. 

Wire  the  components  as  shown  in  Fig.  10-10.  Install  the  switch,  power  jack,  and 
drive  board  in  the  box.  Temporarily  apply  power  to  the  circuit  board  and  dim  the 

Construction  detail 


SI 

SPST 


DPDT 


10-10  Two  ways  to  wire  the  pocket  laser.  Use  the  dual-ended  power  supply  if  the 
driver  board  requires  it. 
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lights.  Point  the  lens  toward  a  lightly  colored  wall  at  a  distance  of  no  more  than  a  few 
inches.  Adjust  the  distance  between  laser  and  lens  by  sliding  the  brass  tubes  until 
the  spot  on  the  wall  is  bright  and  well-defined.  You  will  see  rings  in  the  beam;  this  is 
normal.  A  grainy  speckle  in  the  spot  means  that  the  diode  is  emitting  laser  light.  If 
you  don’t  see  the  speckle,  the  laser  might  not  be  driven  with  enough  current. 

When  everything  looks  ok,  dab  a  small  drop  of  all-purpose  adhesive  on  the  inside 
rim  of  the  brass  tube  (where  the  two  tubes  meet)  to  keep  the  laser  from  coming 
loose.  Don’t  apply  too  much  glue  because  you  might  need  to  readjust  the  laser  later 
on.  Close  up  the  box  and  fit  a  set  of  four  AA  batteries  in  a  battery  holder.  Place  the 
battery  holder  in  a  box  measuring  at  least  2 V"  x  2lA"  x  1"  (see  Fig.  10-11).  Use  three- 
conductor  shielded  microphone  cable  as  the  power  cord,  as  shown,  and  solder  a  %" 
stereo  plug  on  the  end.  To  use  the  battery  pack,  simply  plug  it  into  the  power  jack  on 
the  laser  box. 


10-11  Install  the  batteries  in  a  project  box  and  terminate  the  battery  holder  leads 
with  a  /4-inch  mini  plug  (two  or  three  conductor,  as  needed) . 

You  might  want  to  combine  the  laser/drive  components  in  the  same  box  as  the 
batteries.  You  can  fit  everything  in  a  project  box  measuring  6M"  x  3%"  x  2",  or  even  less 
if  you  are  careful  how  you  mount  the  components.  Make  sure  that  the  batteries  are 
placed  in  a  convenient  location  so  that  they  can  be  easily  changed  when  they  wear  out. 


Using  the  pocket  laser 

The  light  from  the  pocket  laser  is  largely  invisible  if  you  use  a  780-nm  laser 
diode,  unless  you  happen  to  own  see-in-the-dark  infrared  glasses  or  an  IR  viewing 
card  (a  card  coated  with  a  chemical  that  reacts  to  infrared  radiation).  The  faint  red 
glow  of  the  laser  is  discernible  only  in  darkness  and  when  the  lens  is  focused  on  a 
nearby  wall.  That  makes  applications,  such  as  laser  pointers,  out  of  the  question.  But 
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the  pocket  laser  is  far  from  useless.  As  you’ll  learn  in  future  chapters,  you  can  use 
this  basic  configuration  to  create  a  collimated  free-air  laser  light  communicator. 


Table  10-2.  Pocket  laser  power  pack  parts  list 


1  4-cell  “AA”  battery  holder 

1  %-inch  plug  (2-  or  3-conductor,  depending  on  supply) 
1  2i4-  by  2A-  by  1-inch  (minimum)  project  box 

Batteries 


The  beam  is  clearly  visible  if  you  use  a  visible  red  diode  laser,  operating  in  the 
670-  or  635-nm  range.  A  laser  operating  at  635  nm  appears  brighter  than  a  670-nm 
model — even  if  they  both  emit  the  same  power.  The  difference  in  brightness  is 
caused  by  our  perception:  we  can  better  see  lower  wavelength  light,  so  the  635-nm 
laser  appears  brighter. 

You  can  also  use  the  pocket  laser  as  the  head-end  for  a  fiberoptic  data  link  or  as 
a  means  to  experiment  with  interferometry.  Although  the  beam  is  difficult  (if  not  im¬ 
possible)  to  see  without  some  sort  of  IR  viewing  device  or  infrared  viewing  card,  you 
can  detect  the  interferometric  fringes  with  an  ordinary  photodetector.  Connect  the 
photodetector  to  an  audio  amplifier,  as  shown  in  Chapter  9,  and  you  can  hear  the 
fringes  move.  Connected  to  a  counter,  you  can  even  count  the  number  of  fringes  that 
go  by. 
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CHAPTER 

Laser  power  supplies 


Imagine  a  world  without  electricity.  Without  the  motive  force  of  electricity  and  more 
importantly  a  way  to  harness  it,  we  would  be  without  90%  of  our  creature  comforts. 
Everything  from  the  family  car  to  the  kitchen  food  processor  operates  on  electrical 
power,  and  without  “juice,”  these  things  would  come  to  a  grinding  halt. 

The  same  is  true  of  lasers  and  their  support  systems.  Without  power,  your  laser 
is  useless  and  no  more  worthwhile  than  a  rock  paperweight.  In  this  chapter,  you’ll 
learn  how  to  construct  universal  power  supplies,  including  high-voltage  power  sup¬ 
plies  for  operating  a  helium-neon  laser;  both  117-Vac  and  12-Vdc  versions. 

Notice  that  power  supplies  for  laser  diodes  are  not  covered  here.  The  reason  is 
parts  availability.  It  is  generally  much  simpler  and  less  expensive  to  simply  purchase 
laser  diodes  with  a  built-in  power  supply  (such  as  that  found  in  an  integrated  laser 
light  pen)  than  to  attempt  to  track  down  the  specialty  chips  that  are  best  suited  for 
laser  diode  control.  Several  mail-order  firms,  such  as  Meredith  Instruments  (see  Ap¬ 
pendix  A),  sell  laser  diode  power  supplies  in  ready-to-go  and  kit  form. 

Low-voltage  power  supplies  for  operating  electronic  equipment  are  covered  in 
the  next  chapter. 

About  helium-neon  power  supplies 

A  helium-neon  laser  tube  must  be  connected  to  a  high-voltage  power  supply  or  it 
won’t  work.  You  have  two  options  to  provide  the  required  power:  buy  a  ready-made 
laser  power  supply  or  build  your  own.  Commercially  made  power  supplies  for  he¬ 
lium-neon  lasers  are  available  from  a  variety  of  sources,  and  if  you  are  just  starting 
out,  this  is  the  best  route  to  go.  As  detailed  in  Chapter  5,  you  need  to  be  sure  that  the 
supply  is  rated  for  the  tube  you  are  using.  Some  tubes  require  more  operating  cur¬ 
rent  than  others  and  might  not  work  properly  with  a  power  supply  that  can’t  deliver 
the  milliamps. 

He-Ne  laser  power  supplies  you  build  yourself  are  not  overly  complicated  and 
they  don’t  need  lots  of  parts.  But  the  parts  they  do  require  can  be  hard  to  find.  Specif¬ 
ically,  the  laser  power  supply  must  use  high-voltage  diodes  and  capacitors — the 
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higher  the  rating,  the  better.  The  1N4007  diode  is  rated  at  1  kV,  the  minimum  you  can 
use.  Such  diodes  are  bound  to  burn  out  when  running  a  laser  that  consumes  more 
than  5  milliamps,  so  3-  to  10-kV  diodes  are  preferred.  High-voltage  capacitors  of  the 
typical  values  used  in  laser  power  supplies — 0.1  to  0.001  °F,  are  even  harder  to  find. 
Most  high-voltage  capacitors  have  very  low  values,  usually  in  the  tens  of  picofarads. 

Perhaps  the  most  troublesome  component  is  the  transformer.  The  ideal  laser 
power  supply  transformer  is  specially  made  to  conform  to  the  specifications  required 
by  the  job,  but  a  number  of  ready-made  step-up  switching- type  transformers  can  ef¬ 
fectively  be  used.  The  hard  part  is  finding  them.  The  typical  transformer  for  use  in  a 
dc-operated  helium-neon  laser  steps  up  12  volts  to  between  300  and  1000  volts. 
High-voltage  transformers  designed  for  use  with  photocopiers  can  also  be  used. 
These  transform  117  Vac  to  1000  to  4000  Vac.  Most  laser  tubes  require  between  1200 
and  3000  volts. 

A  local  surplus  or  electronics  outlet  might  carry  suitable  high-voltage  diodes,  ca¬ 
pacitors,  and  transformers,  but  you  might  have  better  luck  trying  surplus  mail-order 
outlets.  See  Appendix  A  for  a  list  of  mail-order  surplus  dealers.  Ask  for  their  latest 
catalog,  and  if  you  don’t  see  the  items  you  want,  write  or  call.  Some  outlets  carry 
stock  that  is  not  included  in  the  general  distribution  catalog. 

Appendix  A  also  lists  several  sources  for  laser  components.  These  include 
Meredith  Instruments,  Information  Unlimited,  and  General  Science  &  Engineering. 
These  mail-order  companies  are  prime  sources  of  laser  power  supply  components, 
and  you  should  obtain  their  catalogs  before  beginning  any  serious  laser  project. 

Many  also  offer  power  supply  kits,  with  all  the  parts  conveniently  pre-packaged 
for  you.  In  fact,  one  of  the  dc  power  supplies  covered  in  this  chapter  is  available  (at 
the  time  of  this  writing)  in  kit  form  from  General  Science  &  Engineering.  In  the  event 
that  the  kit  is  no  longer  available,  you  can  still  construct  the  power  supply  using  the 
schematic  and  parts  list,  provided  in  this  chapter. 

Before  building  any  of  the  laser  power  supplies  described  in  this  chapter,  read 
the  following  very  carefully: 

•  Any  laser  power  supply  delivers  high  voltages  that,  under  certain 
circumstances,  can  injure  or  kill  you.  Use  extreme  caution  when  building, 
testing,  and  using  these  power  supplies. 

•  Do  not  attempt  to  build  your  own  power  supply  unless  you  have  at  least 
some  knowledge  of  electronics  and  electronic  construction. 

•  Although  the  power-supply  projects  are  not  difficult  to  construct,  they 
should  be  considered  suitable  only  for  intermediate  to  advanced  hobbyists. 

•  Power  supplies  and  laser  tubes  retain  current  even  after  electricity  has  been 
removed.  Be  sure  to  short  out  the  output  of  the  power  supply  before 
touching  the  laser  or  high-voltage  leads. 

Basic  He-Ne  12-volt  power  supply 

The  schematic  in  Fig.  11-1  shows  a  basic,  no-frills  power  supply  suitable  for  use  with 
helium-neon  tubes  rated  at  0.5  to  1  mW.  Table  11-1  contains  the  parts  list.  The  cir¬ 
cuit  is  shown  more  as  a  lesson  in  high-voltage  power  supply  design  than  a  full- 
fledged  project.  You  will  probably  want  to  supplement  the  supply  with  additional 
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R2 

i8om 


12VDC 

500ma 


200  ma  input  minimum 


Try  IRF511  or  IRF610  for  Q1 


11-1  An  easy  approach  to  building  a  high-voltage  He-Ne  power  supply.  Be  wary  of  the  high  voltages  present 
at  the  secondary  of  Tl. 


Table  11-1.  Basic  dc  He-Ne  power  supply  parts  list 


R1  270 -Q  resistor 

R2  180-kQ  resistor,  3-5  watt 

Cl  22 -pF  electrolytic  capacitor 

C2  1  -pF  electrolytic  capacitor 

C3-C6  0.02-pF  capacitor,  1  kV  or  more 

D1  1N4001  diode 

D2-D5  High-voltage  diode  (3  kV  or  more) 

Q1  TIP  140  power  transistor 

Tl  High-voltage  dc-dc  converter  transformer;  see  text  for  specifications 

All  resistors  are  5-10  percent  tolerance,  %-watt,  unless  otherwise  indicated.  All  capacitors  are  10-  to 
20-percent  tolerance,  rated  35  volts  or  more,  unless  otherwise  indicated. 


features,  such  as  a  10-kV  trigger  transformer  or  current  feedback  circuit.  A  number 
of  books  provide  details  on  advanced  high-voltage  power  supplies;  see  Appendix  B 
for  a  selected  list. 

At  the  heart  of  the  power  supply  is  a  dc  switching  transformer,  Tl.  This  oscilla¬ 
tion  transformer  is  designed  for  use  as  a  dc-to-dc  converter  and  is  available  from 
Meredith  Instruments.  It  has  the  following  characteristics: 

•  Input  voltage  (primary) :  6  volts 

•  Output  voltage  (secondary):  330  volts 

•  Ferrite  core  size:  EE  19 

•  Maximum  power  output:  7  watts 
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•  Oscillation  frequency:  15  kHz 

•  Winding  ratio  ( NJNP ):  57.4 

Operation  of  the  power  supply 

Here’s  how  the  power  supply  works:  Ql,  Rl,  and  Cl  form  a  Hartley-type  astable  mul¬ 
tivibrator  (a  free-running  oscillator)  that  switches  the  incoming  12  Vdc  between  the 
two  secondary  windings  of  the  transformer.  T1  is  a  high-turns-ratio  transformer  that 
steps  up  the  incoming  voltage  to  about  1000  volts.  Capacitors  C2  through  C5,  as  well 
as  diodes  D2  through  D5  form  a  voltage  multiplier  that  increases  the  voltage  to  about 
2500  volts  at  approximately  3  to  4  mA. 

Resistor  R2  is  an  important  component.  All  laser  tubes  are  current-sensitive  and 
try  to  consume  as  much  current  as  the  power  supply  will  deliver.  The  resistor  limits 
the  current  to  a  safe  level;  without  it,  the  tube  might  burn  out.  Resistor  R2  is  chosen 
for  a  typical  1-mW  laser  tube.  If  your  laser  sputters  or  doesn’t  fire,  the  resistor  value 
might  be  too  high  or  too  low,  causing  the  tube  to  be  unstable.  Later,  you  will  see  how 
to  test  the  power  supply  to  discover  how  much  current  the  tube  is  drawing  and  to  ad¬ 
just  R2  to  deliver  just  the  minimum  to  keep  the  tube  lasing. 

Notice  that  the  battery  power  requirement  is  rather  steep.  The  power  supply 
consumes  about  350  mA  of  current,  so  you  should  use  only  heavy-duty  batteries.  Al¬ 
though  the  supply  will  work  on  C  alkaline  cells,  you’ll  have  better  luck  with  D  cells. 
The  best  results  are  obtained  when  using  high-output  lead-acid  or  gelled  electrolyte 
batteries.  A  pair  of  6-volt,  4-AH  batteries  will  power  the  laser  for  several  hours  be¬ 
fore  needing  a  recharge. 

The  power  supply  works  best  when  the  input  voltage  is  as  close  to  12  volts  as 
possible.  Because  most  batteries  deliver  a  range  of  voltages  during  their  discharge 
period,  you  might  want  to  add  the  regulator  circuit  provided  in  Fig.  11-2  (parts  list 
in  Table  11-2).  The  schematic  uses  a  positive  12-volt  regulator  that  requires  about  1 
volt  as  “overhead.”  When  fed  by  the  typical  lead-acid  or  gelled  electrolyte  battery — 
which  have  an  average  output  of  about  13.8  volts — approximately  12  volts  reaches 
the  power  supply. 

Components  Rl  and  Cl  determine  the  frequency  rate  of  the  circuit.  By  adjust¬ 
ing  Rl ,  you  change  the  frequency  and  therefore  the  output  voltage  of  T1 .  If  your  sup¬ 
ply  is  having  trouble  igniting  and  running  your  laser  tube,  try  a  slightly  higher  or 
lower  value  for  Rl. 


IC1 

7812 

voltage  regulator 

Out.  a  n  \ 

14-16  VDC  ^ 

unregulated  ^ 

C2.IT  \  12  VDC 
lg.F'-p  ?  regulated 

1 _  out 

' I 

11-2  Use  a  7812  voltage  regulator  with  14-  to  16-volt  supply  to  regulate  the  voltage 

to  the  high-voltage  power  supply  presented  in  12-1. 
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Table  11-2.  12-Vdc 
battery  regulator  parts  list 


IC1  7812  +  12-Vdc  voltage  regulator 
Cl  2200-pF  electrolytic  capacitor 

Cl  1-pF  electrolytic  capacitor 

All  capacitors  are  10-20  percent  tolerance, 
rated  35  volts  or  more. 


Building  the  circuit 

The  basic  power  supply  should  be  constructed  on  a  printed  circuit  board.  Com¬ 
ponent  placement  is  not  crucial,  but  you  should  allow  as  much  room  as  possible 
for  the  high-voltage  components.  Keep  the  anode  lead  as  short  as  possible  (2  to  4 
inches)  and  place  the  ballast  resistor  close  to  the  anode  terminal  on  the  laser 
tube. 

Testing  the  current  output 

Resistor  R2,  the  ballast  resistor,  determines  the  amount  of  current  delivered  to  the 
tube.  Although  you  can  calculate  the  exact  value  of  the  resistor  using  design  formu¬ 
las,  you  need  to  know  the  parameters  of  the  particular  tube  you  are  using.  Dial  the 
meter  to  read  dc  milliamps.  Turn  on  the  power  supply  and  watch  the  meter.  The  cur¬ 
rent  should  not  exceed  6  or  7  mA  (it  probably  won’t  with  the  basic  power  supply  de¬ 
scribed  earlier,  anyway).  If  the  current  is  too  high,  you  should  immediately  remove 
the  power.  Short  the  leads  of  the  power  supply  to  remove  any  remaining  current,  and 
replace  R2  with  a  higher-value  resistor.  Be  sure  to  use  a  resistor  rated  to  at  least  3  to 
5  watts.  Re-apply  power  and  take  a  new  reading. 

Most  likely,  the  laser  will  sputter  or  not  turn  on  at  all.  The  usual  cause  is  a  ballast 
resistor  that  is  either  too  high  or  too  low;  either  way,  the  sputtering  is  caused  by  un¬ 
stable  operation  and  can  usually  be  corrected  by  selecting  another  ballast  resistor. 
The  tube  will  not  ignite  or  lase  if  the  current  is  less  than  about  3.5  mA  (you  can  use 
a  volt-ohm  meter,  as  shown  in  Fig.  11-3,  to  test  the  current  draw).  If  the  tube  stays 
on  without  sputtering  and  the  current  output  is  between  about  3.5  and  6  mA,  you 
have  selected  the  proper  ballast  resistor. 

If  the  ballast  resistor  is  too  low,  excessive  current  will  flow  through  the  tube, 
damaging  it  or  at  the  least  severely  shortening  its  life.  Besides  doing  harm  to  the 
tube,  the  power  supply  consumes  excessive  current,  prematurely  draining  battery 
power.  You  will  discover  the  longest  battery  life  by  careful  selection  of  the  ballast  re¬ 
sistor. 

Notice  that  some  sputtering  is  caused  by  arcing  of  the  anode  and  cathode  leads. 
Be  sure  that  the  leads  are  securely  attached  to  the  power  supply  and  the  laser.  You 
can  often  see  the  result  of  arcing  by  turning  off  the  lights  and  looking  carefully  for  a 
tell-tale  blue  glow  around  the  anode  and  cathode  terminals.  The  glow  is  a  corona 
caused  by  the  ionization  of  air  by  high-voltage  discharge. 
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11-3  Connect  a  volt-ohm  meter  (set  to  read  millivolts)  as  shown  to  determine  current  con¬ 
sumed  by  the  laser  tube. 

Pulse-modulated  dc-operated  He-Ne  supply 

The  basic  hehum-neon  laser  power  supply  is  good  for  low-output  tubes,  but  it  doesn’t 
deliver  sufficient  current  for  higher-power  and  hard-to-start  tubes.  The  advanced 
power  supply  shown  in  Fig.  11-4  can  be  used  with  1-  to  5-m.W  tubes,  depending  on  the 
transformer  you  use.  The  parts  list  for  this  supply  is  included  in  Table  11-3. 

About  the  circuit 

The  advanced  laser  power  supply  uses  an  LM555  timer  IC  as  a  pulse-width  modulator 
(PWM).  Two  potentiometers,  R12  and  R13,  adjust  the  width  of  the  output  pulses  from 
the  555,  and  therefore  change  the  currents  used  to  trigger  and  operate  the  tube. 

Capacitor  C5  and  resistors  R8,  R9,  R12,  and  R13  determine  the  pulse  width  of 
the  555.  Initially,  the  R12  and  R13  are  dialed  to  their  center  positions  and  relay  R1  is 
de-energized,  effectively  removing  R8  and  R13  from  the  circuit.  When  12  volts  is  ap¬ 
plied  to  the  circuit,  the  555  pulses  and  triggers  Ql,  Cl,  and  R2.  This,  in  turn,  drives 
transformer  Tl.  This  transformer  steps  up  the  12  volts  to  approximately  1000  volts. 
Capacitors  C7  through  CIO  and  diodes  D4  through  D19  form,  a  four-stage  cascaded 
voltage  multiplier  that  increases  the  output  to  about  3500  volts. 

If  the  tube  doesn’t  fire,  adjust  R12  to  increase  the  duty  cycle  of  the  555  pulses. 
When  the  tube  ignites,  sensing  resistors  R3  through  R6  trigger  Q2,  which  closes  relay 
Rl.  That  brings  R8  and  R13  into  the  circuit.  Adjusting  R13  controls  the  duty  cycle  of 
the  555  while  the  tube  is  operating.  Shortening  the  duty  cycle  of  the  pulses  decreases 
the  current  delivered  to  the  tube;  lengthening  the  duty  cycle  increases  the  current. 

Building  the  circuit 

The  PWM  power  supply  can  be  built  on  a  perforated  board  or  printed  circuit  board. 
When  using  a  perforated  board,  be  sure  that  lead  lengths  are  kept  to  a  minimum  and 
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11-4  The  circuit  schematic  for  the  pulse-width-modulated  power  supply.  Circuit  courtesy  Roger  Sonntag. 
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Table  11-3.  Pulse-width-modulated  power  supply 


IC1 

555  timer  IC 

R1-R2 

100-0  resistor 

R3-R6 

22-MO  resistor 

R7 

3.9-kO  resistor 

R8 

1-kO  resistor 

R9 

220-0  resistor 

RIO 

10-kO  resistor 

Rll 

75K-0  resistor,  3-5  watt 

R12,R13 

2K-0  potentiometer 

Cl 

0.1-pF 

C2 

4.7-pF  electrolytic  capacitor 

C3,C4 

10-pF  electrolytic  capacitor 

C5 

0.01-pF  disc  capacitor 

C6 

0.06-gF  disc  capacitor 

C7-C10 

0.15-p.F  capacitor,  3  kV  or  more 

Cll 

0.47-p.F  capacitor 

D1-D3 

1N914  diode 

D4-D19 

High-voltage  diodes  (3  kV  or  more;  four  diodes  in  series  for  each  diode  symbol  in 
schematic) 

D20 

6-V  zener 

Q1 

TIP  146  (on  heatsink) 

Q2 

2N2222 

RL1 

12-volt  SPST  relay 

T1 

High-voltage  step-up  transformer;  9- volt  primary,  375-volt  secondary 

Misc. 

Heatsink  for  Ql,  high-dielectric  wire  for  connecting  tube  to  supply 

All  resistors  are  5-  to  10-percent  tolerance,  !4-watt,  unless  otherwise  indicated.  All  capacitors  are  10-  to  20-percent 
tolerance,  rated  35  volts  or  more,  unless  otherwise  indicated. 


that  the  high-voltage  capacitors  and  diodes  are  not  placed  too  close  together.  To  pre¬ 
vent  arcing,  place  the  diodes  at  45°  angles. 

The  leads  for  the  anode  and  cathode  should  be  6"  or  shorter.  Reduce  the  chance 
of  arcing  by  wrapping  high-voltage  dielectric  tape  around  the  leads.  Or,  slip  a  length 
of  neoprene  aquarium  tubing  over  the  wires. 

Construct  clips  for  the  laser  terminals  as  detailed  in  Chapter  6,  “Build  a  He-Ne 
Laser  Experimenter’s  System.”  You  can  also  form  heavy-duty  steel  or  copper  wire  and 
bend  it  in  a  clip  shape.  Make  the  clip  slightly  smaller  than  the  diameter  of  the  laser 
tube  terminals.  When  made  properly,  the  wire  should  clip  securely  around  the  tube. 
Wrap  a  length  of  high-voltage  dielectric  tape  around  the  clip  and  terminal  to  hold 
them  in  place.  Be  sure  that  you  don’t  cover  the  mirrors  on  either  end  of  the  laser. 

Using  the  power  supply 

Operating  the  power  supply  is  straightforward.  Once  the  tube  is  secured,  rotate  poten¬ 
tiometers  R12  and  R13  to  their  center  positions.  Apply  power  and  watch  the  tube. 
Slowly  rotate  R12  until  the  tube  triggers.  You  will  hear  the  relay  click  in.  If  it  chatters 
and  the  tube  sputters,  keep  turning  R12.  If  the  tube  still  won’t  ignite,  rotate  R13  slightly. 
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Once  the  tube  lights  and  stays  on,  rotate  R13  so  that  the  tube  begins  to  sputter 
and  the  relay  clatters.  This  marks  the  threshold  of  the  tube.  Advance  R13  just  a  lit¬ 
tle  until  the  tube  turns  back  on  and  remains  steady.  Every  tube,  even  those  of  the 
same  size  and  with  the  same  output,  have  slightly  different  current  requirements,  so 
you  will  need  to  readjust  R12  and  R13  for  every  tube  you  own. 

Resistor  Rll  is  the  ballast,  limiting  current  to  the  tube.  The  schematic  shows  a 
80-kQ  resistor,  but  you  can  experiment  with  other  values  to  find  one  that  works  best 
with  your  tube.  If  the  laser  doesn’t  trigger  or  run  after  adjusting  R12  and  R13,  try  re¬ 
ducing  the  value  of  the  ballast  resistor.  Use  a  voltmeter,  as  explained  in  the  previous 
section,  to  monitor  the  output  current  to  ensure  against  passing  excessive  current 
through  the  tube. 


Ac-operated  He-Ne  power  supply 

The  schematic  in  Fig.  11-5  shows  a  basic  ac-operated  helium-neon  power  supply 
(parts  list  in  Table  11-4).  A  high-voltage  transformer  converts  the  117-Vac  line  cur¬ 
rent  to  1000  volts  or  more.  The  voltage  multiplier  increases  the  working  voltage 
while  rectifying  the  ac.  The  circuit  shows  a  transformer  with  a  1000-volt  secondary 
and  the  voltage  multiplier  section  used  in  the  basic  dc-operated  power  supply  pre¬ 
sented  earlier  in  this  chapter.  The  output  voltage  is  about  4  to  5  kV  (rectified  and  un¬ 
loaded).  Some  tubes  require  extra  voltage  to  start  and  might  need  a  transformer 
with  a  2000-  to  2500-volt  secondary.  Notice  that  the  circuit  is  basic  and  lacks  current 
sensing  or  high-voltage  start  capabilities. 


11-5  Minimum  configuration  for  an  ac-operated  high-voltage  He-Ne  power  supply. 
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Table  11-4.  Basic  ac  He-Ne  power  supply  parts  list 


R1  180-kQ  resistor,  3-5  watt 

C1-C4  0.02-jLiF  capacitor,  1  kV  or  more 

D1-D4  High-voltage  diode  (3  kV  or  more) 

T1  High-voltage  step-up  transformer;  see  text  for  specifications 

SI  SPST  switch 

FI  Fuse  (2  amp)  and  holder 

Ac  plug 


Enclosing  the  He-Ne  power  supplies 

Laser  power  supplies  should  never  be  used  without  placing  them  in  protective,  insu¬ 
lating  enclosures.  After  you  have  built  and  tested  your  power  supply,  tuck  it  safely  in 
a  plastic  enclosure.  If  you  plan  on  using  the  supply  to  power  a  variety  of  tubes,  mount 
heavy-duty  (25-A)  banana  jacks  to  provide  easy  access  to  the  anode  and  cathode 
leads.  Keep  the  jacks  separated  by  at  least  1"  and  apply  high-voltage  putty  around 
all  terminals  to  prevent  arcing. 

A  functional  schematic  for  a  completely  self-contained,  rechargeable  battery 
pack/power  supply  is  shown  in  Fig.  1 1-6.  The  parts  list  for  the  battery  pack/power  sup¬ 
ply  is  provided  in  Table  11-5.  Notice  the  addition  of  the  key  switch,  power-on  indicator, 
and  battery-charging  terminal.  The  key  switch  prevents  unauthorized  use  of  the  power 
supply  and  acts  as  the  main  On/Off  switch.  For  maximum  security,  you  should  get  the 
kind  of  switch  where  the  key  can  be  removed  only  when  it  is  in  the  Off  position  (CDRH 
requirements  call  for  a  key  that  cannot  be  removed  in  the  On  position). 


11-6  Hookup  diagram  for  building  an  all-in-one  battery  operated  helium-neon  laser  power  supply.  The  bat¬ 
tery  can  be  recharged  in  the  enclosure  without  removing  it. 


Laser  power  supplies  179 


Table  11-5.  Battery  pack/He-Ne  supply  parts  list 


B1  12-Vdc  battery 

PS1  Modular  12-Vdc  He-Ne  high-voltage  power  supply 
FI  Fuse  holder  (2-amp  fuse) 

SI  SPST  key  switch 

LAI  LED  indicator  (with  built-in  dropping  resistor) 

J 1  /4-inch  2-conductor  phone  jack 

Misc.  Project  box,  grommet  (for  output  leads),  high-dielectric  wires  for  connection  to 
laser 


The  power-on  indicator  is  simply  an  LED  with  a  current-dropping  resistor.  The 
battery-charging  terminal  provides  a  means  to  recharge  the  batteries  without  re¬ 
moving  them  from  the  enclosure.  Notice  that  you  can  operate  the  laser  while  the  bat¬ 
tery  recharger  is  connected,  but  in  most  cases,  the  power  supply  will  consume  too 
much  current  and  the  batteries  will  not  be  recharged. 

A  fuse  is  added  to  provide  protection  against  an  accidental  short-circuit  in  the 
battery  compartment.  Lead-acid  and  gelled  electrolyte  batteries  can  easily  burn 
plastic  and  even  metal  when  their  terminals  are  shorted.  The  fuse  helps  prevent  ac¬ 
cidental  damage  and  fire. 
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Build  an  experimenter's 

power  supply 

Many  laser  projects  require  a  steady  supply  of  low-voltage  dc,  typically  between  5 
and  12  volts.  You  can  use  one  or  more  batteries  to  supply  the  power,  but  if  you  plan 
on  doing  lots  of  laser  experiments,  you’ll  find  that  batteries  are  both  inconvenient 
and  counterproductive.  Just  when  you  get  a  circuit  perfected,  the  battery  goes  dead 
and  must  be  recharged. 

A  stand-alone  power  supply  that  operates  on  your  117-Vac  house  current  can 
supply  your  laser  system  designs  with  regulated  dc  power  without  the  need  to  in¬ 
stall,  replace,  or  recharge  batteries.  You  can  buy  a  ready-made  power  supply  (they 
are  common  in  the  surplus  market)  or  make  your  own. 

Several  power  supply  designs  follow  that  you  can  use  to  provide  operating  juice 
to  your  laser  circuits.  The  designs  show  you  how  to  construct  a  combination 
5-volt/12-volt  supply,  and  an  adjustable  regulated  power  supply. 

Multiple-voltage  power  supply 

The  multi-voltage  power  supply  is  like  four  power  supplies  in  one.  Rather  than  using 
four  bulky  transformers,  however,  this  circuit  uses  just  one,  tapping  the  voltage  at 
the  proper  locations  to  operate  the  +5-,  +12-,  -5-,  and  -12-volt  regulators. 

The  circuit,  as  shown  in  Fig.  12-1,  is  composed  of  two  halves.  One  half  of  the 
supply  provides  +12  and  -12  volts;  the  other  half  provides  +5  and  -5  volts.  Each  side 
is  connected  to  a  common  transformer,  fuse,  switch,  and  wall  plug.  See  Table  12-1 
for  the  parts  list. 

The  basic  difference  between  the  multi-voltage  supply  and  the  single-voltage 
supplies  described  earlier  in  this  chapter  is  the  addition  of  negative  power  regula¬ 
tors.  Circuit  ground  is  the  center  tap  of  the  transformer.  Make  two  boards,  one  for 
each  section.  That  is,  one  board  will  be  the  ±5-volt  regulators  and  the  other  board 
will  contain  the  ±12-volt  regulators.  The  supply  provides  approximately  1  A  for  each 
of  the  outputs. 
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12-1  Schematic  diagram  for  the  quad  power  supply  (±5  and  12  volts). 
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Table  12-1.  Quad  power  supply  parts  list 


IC1 

IC2 

IC3 

IC4 

C1,C5 

C2,C3,C6,C7, 

C10,C11,C14, 

C15 

C4,C8, 

C12,  C16 

C9,C13 

C1,C5 


7812  +12-Vdc  voltage  regulator 
7912  -12-Vdc  voltage  regulator 
7805  +5-Vdc  voltage  regulator 
7905  -5-Vdc  voltage  regulator 
2200-pF  electrolytic  capacitor 


1-jlxF  electrolytic  capacitor 

lOO-pF  electrolytic  capacitor 
1000-jiF  electrolytic  capacitor 
2200-pF  electrolytic  capacitor 


All  capacitors  are  10-20  percent  tolerance,  rated  35  volts  or 
more. 


Use  nylon  binding  posts  for  the  five  outputs  (ground,  +5,  +12,  -5,  -12).  Clearly 
label  each  post  so  you  don’t  mix  them  up  when  using  the  supply.  Check  for  proper 
operation  with  your  volt-ohmmeter. 

Adjustable-voltage  power  supply 

The  adjustable  power  supply  uses  an  LM317  adjustable  voltage  regulator.  With  the 
addition  of  a  few  components,  you  can  select  any  voltage  between  1.5  to  37  volts.  By 
using  a  potentiometer,  you  can  select  the  voltage  you  want  by  turning  a  knob. 

The  circuit  shown  in  Fig.  12-2  is  a  no-frills  application  of  the  LM317,  but  it  has 
everything  you  need  to  build  a  well-regulated,  continuously  adjustable,  positive-volt¬ 
age  power  supply.  See  Table  12-2  for  the  parts  list.  The  regulator  is  rated  at  over  3  A, 
so  you  must  mount  it  on  a  heavy-duty  heatsink.  Although  you  don’t  need  to  forcibly 
cool  the  regulator  and  heatsink,  it’s  a  good  idea  to  mount  them  on  the  outside  of  the 
power-supply  cabinet,  for  example  on  the  top  or  back. 

Remember  that  the  case  of  the  regulator  is  the  output,  so  be  sure  to  provide 
electrical  insulation  from  the  heatsink,  or  a  short  circuit  could  result.  Use  a  TO-3 
transistor  mounting  and  insulator  kit.  It  has  all  the  hardware  and  insulating  wash¬ 
ers  you  need.  Apply  silicone  grease  to  the  bottom  of  the  regulator  to  aid  in  heat 
transfer. 

Inspection  and  testing 

All  of  the  dc  power  supplies  should  be  inspected  and  tested  before  use.  Be  particu¬ 
larly  wary  of  wires  or  components  that  could  short  out.  Visually  check  your  wiring  and 
check  for  problems  with  a  volt  meter.  When  all  looks  satisfactory,  apply  power  and 
watch  for  signs  of  problems.  If  any  arcing  or  burning  occurs,  immediately  unplug  the 
supply  and  check  everything  again.  When  all  appears  to  be  operating  smoothly,  check 
the  output  of  the  power  supply  to  ensure  that  it  is  providing  the  proper  voltage. 
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12-2  Schematic  diagram  for  the  adjustable  power  supply. 


Table  12-2.  Adjustable  power  supply  parts  list 


IC1 

LM317  adjustable  positive  voltage  regulator 

R1 

5K-£2  potentiometer 

R2 

220-Q  resistor 

Cl 

2200-pF  electrolytic  capacitor 

C2,C3 

0.1  -pF  disc  capacitor 

C4 

1-pF  electrolytic  capacitor 

BR1 

Bridge  rectifier,  4  amp 

T1 

25  volt,  2  amp  (or  more)  transformer 

SI 

SPST  switch 

FI 

5  amp  fuse 

Misc. 

AC  plug,  cord,  fuse  holder,  cabinet 

All  resistors  are  5-  to  10-percent  tolerance,  /  watt.  All  capacitors 
are  10-  to  20-percent  tolerance,  rated  35  volts  or  more. 


Battery-pack  regulators 

Voltage  regulators  can  also  be  used  with  battery  packs  for  portable  equipment.  A 
5-volt  regulator  can  be  used  with  a  single  6- volt  battery  to  provide  a  steady  supply  of  5 
volts.  The  schematic  in  Fig.  12-3  shows  how  to  connect  the  parts.  Refer  to  Table  12-3 
for  a  parts  list.  Alternatively,  use  a  12-volt  regulator  for  12-volt  use.  The  battery  should 
put  out  a  nominal  13  volts  to  accommodate  for  the  1-  to  1.2-volt  drop  across  the  regu¬ 
lator.  Most  lead-acid  and  gelled  electrolyte  batteries  put  out  13.8  volts  when  fully 
charged.  See  Table  12-4  for  a  chart  of  voltage  values  for  various  types  of  batteries. 
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12-3  Schematic  diagram  for  a  7805-based  five-volt  battery  voltage  regulator. 


Table  12-3.  5-Vdc 
battery  voltage  regulator 


IC1  7805  +5-Vdc  voltage  regulator 
Cl  2200-jiF  electrolytic  capacitor 
C2  1-p.F  electrolytic  capacitor 

All  capacitors  are  10-  to  20-percent  tolerance, 
rated  35  volts  or  more. 


Table  12-4.  Battery  voltage  levels 


Battery 

Alkaline 

Newly  charged 

Nominal 

Discharged 

Ni-cad 

1 .4  volts 

1.2  volts 

1.1  volts 

Power/1  cell* 

2.3  volts 

2.0  volts 

1.6  volts 

Power/multi 

6.5  volts 

6.0  volts 

4.8  volts 

Power/multi 

13.8  volts 

12  volts 

9.6  volts 

*  Gelled  electrolyte  and  lead-acid  battery;  single  cell,  6  volt  (three  cells  in 
series)  12  volts  (six  cells  in  series). 
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Free-air  laser  light 
communications 


Because  light  is  at  such  a  high  frequency  in  the  electromagnetic  spectrum,  it  is  an 
even  better  medium  for  communications  than  radio  waves.  Lasers  are  perfect  in¬ 
struments  for  communications  links  because  they  emit  a  powerful,  slender  beam 
that  is  least-affected  by  interference  and  is  nearly  impossible  to  intercept. 

This  chapter  explains  the  basics  of  laser  light  communications  using  both  he¬ 
lium-neon  and  semiconductor  lasers.  You’ll  discover  the  different  ways  light  can  be 
modulated  and  cajoled  into  carrying  an  analog  signal  from  a  microphone  or  FM  radio. 
The  following  chapter  details  advanced  projects  in  laser  light  communications. 

Light  as  a  modulation  medium 

Higher  frequencies  in  the  radio  spectrum  provide  greater  bandwidth.  The  bandwidth 
is  the  space  between  the  upper  and  lower  frequencies  that  define  an  information 
channel.  Bandwidth  is  small  for  low-frequency  applications,  such  as  AM  radio  broad¬ 
casts,  which  span  a  range  540  kHz  to  1600  kHz.  That’s  little  more  than  1  MHz  of 
bandwidth,  so  if  there  are  20  stations  on  the  dial,  that’s  only  50  kHz  per  deejay. 

Television  broadcasts,  including  both  VHF  and  UHF  channels,  span  a  range  from 
54  MHz  to  890  MHz,  with  each  channel  taking  up  6  MHz.  Notice  that  the  6-MHz  band¬ 
width  of  the  TV  channel  provides  more  than  100  times  more  room  for  information  than 
the  AM  radio  band.  That  way,  television  can  pack  more  data  into  the  transmission. 

Microwave  links,  which  operate  in  the  gigahertz  (billions  of  cycles  per  second) 
region,  are  used  by  communications  and  telephone  companies  to  beam  thousands  of 
phone  calls  in  one  transmission.  Many  calls  are  compacted  into  the  single  microwave 
channel  because  the  bandwidth  required  for  one  phone  conversation  is  small  com¬ 
pared  to  the  overall  bandwidth  provided  by  the  microwave  link. 

Visible  light  and  near-infrared  radiation  has  a  frequency  of  between  about  430  to 
750  terahertz  (THz),  430  to  750  trillion  cycles  per  second.  Thanks  to  the  immense 
bandwidth  of  the  spectrum  at  these  high  frequencies,  one  light  beam  can  simultane- 
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ously  carry  all  the  phone  calls  made  in  the  United  States,  or  almost  100  million  TV 
channels.  Of  course,  what  to  put  on  those  channels  is  another  thing 

Alas,  all  of  this  is  theoretical.  Transmitters  and  receivers  don’t  yet  exist  that  can 
pack  data  into  the  entire  light  spectrum;  the  current  state  of  the  art  cannot  place  in¬ 
telligent  information  at  frequencies  higher  than  about  25  or  35  GHz  (billion  cycles 
per  second).  It  might  take  a  while  for  technology  to  advance  to  a  point  where  the  full 
potential  of  light-beam  communications  can  be  realized. 

Even  with  these  limitations,  light  transmission  offers  additional  advantages  over 
conventional  techniques.  Light  is  not  as  susceptible  to  interference  from  other  trans¬ 
missions,  and  when  squeezed  into  the  arrow-thin  beam  of  a  laser,  is  highly  directional. 
It  is  difficult  to  intercept  a  light-beam  transmission  without  the  intended  receiver 
knowing  about  it.  And,  unlike  radio  gear,  experimenting  with  even  high-power  light 
links  does  not  require  approval  from  the  Federal  Communications  Commission.  Busi¬ 
nesses,  universities,  and  individuals  can  test  light- wave  communications  systems 
without  the  worry  of  upsetting  every  television  set,  radio,  and  CB  in  the  neighborhood 
(however,  CDRH  regulations  must  be  followed). 

On  the  downside,  light  is  greatly  affected  by  weather  conditions,  and  unlike  low 
frequencies,  such  as  AM  radio,  it  does  not  readily  bounce  off  objects.  Radar  (low-band 
microwave)  pierces  through  most  any  weather  and  bounces  off  just  about  everything. 

Long-range  light-wave 
communications  link 

The  following  plans  show  how  to  build  a  receiver  and  transmitter  that  lets  you  com¬ 
municate  more  than  lA  mile  using  a  laser  beam.  Though  the  circuit  is  a  bit  complex, 
fortunately,  as  of  this  writing  it  is  available  in  kit  form  from  the  source  listed  in  the 
parts  lists  in  Tables  13-1  and  13-2. 

Table  13-1.  LED  transmitter  circuit  parts  list 


R1,R4 

47-kQ  resistor 

R2,R3 

470-kQ  resistor 

R5,R6 

33-Q  resistor 

R7,R9 

lk-Q  potentiometer 

R8 

1 0-k£2  potentiometer 

Cl 

0.002-jllF  disc  capacitor 

C2 

0.1  -pF  disc  capacitor 

C3 

180-pF  disc  capacitor 

C4 

1 0-pF  polarized  electrolytic  capacitor 

C5 

100-pF  polarized  electrolytic  capacitor 

C6 

1.2-pF  polarized  electrolytic  capacitor 

C7 

30-pF  polarized  electrolytic  capacitor 

1C1 

5532  low-noise  amplifier  IC 

Q1 

A7937  transistor  (see  text) 

LED1 

High-output  LED  (see  text) 

J1 

Miniature  phone  jack  (for  electret  condenser  microphone) 

SI 

SPST  switch 

All  resistors  are  5-  to  10-percent  tolerance,  /  watt.  All  capacitors  are  10-  to  20-percent 
tolerance,  rated  35  volts  or  more,  unless  otherwise  indicated. 
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Table  13-2.  Universal  receiver  parts  list 


R1 

R2 

R3 

R4,R10 

R5 

R6,R8 

R7 

R9 

Rll 

R12 

C1,C7,C15,C16 

C2,C11,C12 

C3 

C4 

C5,C8 

C6 

C9,C10 

C13,C14 

C17 

IC1,IC2 

Q1 

Q2 

Q3 

D1 

51 

52 

Misc. 


3.5-MD  to  10-kQ  resistor  (see  text) 

3.4-kD  resistor 
1-kQ  resistor 
35-D  resistor 
100-kD  resistor 
5k-Q  potentiometer 
1M-D  resistor 
107-kL>  resistor 
10-kQ  resistor 
27 -Q  resistor 

10-pF  polarized  electrolytic  capacitor 

0.01-pF  disc  capacitor 

0.47-pF  disc  capacitor 

10-pF  polarized  capacitor 

220  pf  disc  capacitor 

1.2-pF  polarized  capacitor 

100-pF  polarized  capacitor 

6.8-pF  polarized  capacitor 

0.3-gF  disc  capacitor 

5534  low-noise  amplifier  IC 

PF5102  FED  transistor 

2N4410  NPN  transistor 

2N4248  PNP  transistor 

Phototransistor 

SPST  switch 

DPDT  switch 

Two  9-volt  battery  clips,  two  9-volt  transistor  batteries,  case,  focusing  lenses 


All  resistors  are  5-  to  10-percent  tolerance,  %  watt.  All  capacitors  are  10-  to  20-percent  tolerance,  rated  35  volts  or 
more. 


Building  the  transmitter 

Figure  13-1  shows  a  schematic  for  the  transmitting  link  of  long-range  light-wave 
communications  device.  The  constant-current  transmitter  provides  an  input  for  an 
ordinary  dynamic  microphone.  The  transmitter  can  use  either  a  very  high-output 
visible  LED — in  the  2-  to  5-candle  power  range,  or  a  laser  diode  equipped  with  cur¬ 
rent-limiting  electronics  (such  as  that  used  in  integrated  laser  light  pens).  If  you 
build  this  circuit,  you  might  wish  to  test  the  operation  first  using  a  LED,  rather  than 
a  more  expensive  laser  diode.  If  something  goes  “poof,”  you're  not  out  $30  to  $50  for 
the  diode  laser. 

If  you  opt  for  the  LED  approach,  remember  that  the  brighter  the  LED,  the  longer 
the  range.  You  can  obtain  very  high  output  visible  LEDs  from  a  number  of  sources, 
including  Radio  Shack  and  General  Science  &  Engineering.  The  secret  behind  the 
transmitter  is  the  NE5532  IC  dual  low-noise  operational  amplifier  and  the  7937  3- A 
NPN  transistor.  These  components  should  not  be  substituted. 

You  can  build  the  transmitter  using  most  any  construction  technique,  but, 
printed  circuit  board  and  universal  solder  board  work  the  best. 
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Building  the  receiver 

The  schematic  for  the  long-range  receiver  circuit  is  shown  in  Fig.  13-2.  Photodiode 
D1  of  the  receiver  intercepts  the  light  from  the  LED  or  laser  of  the  transmitter  sec¬ 
tion.  The  signal  is  then  preamplified  by  a  PF5102  field-effect  transistor,  then  ampli¬ 
fied  by  a  pair  of  single  low-noise  op  amps. 

Power  supply  filtering  and  decoupling  is  important  to  reduce  noise.  Capacitors 
CIO  through  C14,  along  with  chokes  LI  and  L2,  form  a  complete  filtering  and  de¬ 
coupling  system.  These  components  straddle  the  two  9-volt  transistor  batteries.  No¬ 
tice  that  additional  power  is  obtained  by  two  N-size  alkaline  batteries. 

The  value  of  resistor  R1  can  be  between  3.4  MQ  to  140  kQ.  The  higher  the  re¬ 
sistance,  the  greater  the  gain  (and  hence  sensitivity  and  range),  but  bandwidth  will 
suffer.  A  lower  value  decreases  the  gain  and  sensitivity,  but  provides  a  wider  band¬ 
width.  Don’t  use  a  potentiometer  here  because  it  could  introduce  noise. 

As  with  the  transmitter,  you  can  build  the  receiver  using  most  any  construction 
technique,  but  printed  circuit  board  and  universal  solder  board  are  highly  recom¬ 
mended.  Keep  component  leads  as  short  as  possible. 

Enclosures  for  the  transmitter  and  receiver 

For  carefree  operation,  place  the  transmitter  and  receiver  boards  in  suitable  plastic 
project  boxes.  Provide  access  to  the  batteries  because  these  go  dead  after  a  few 
dozen  hours  of  tinkering.  Drill  holes  on  the  transmitter  project  box  for  SI,  the  on/off 
switch,  and  a  larger  hole  for  intensity  control  R9.  You  can  also  use  a  combination  pot 


13-2  Schematic  diagram  for  the  long-range  receiver.  Circuit  courtesy  of  Roger  Sonntag. 
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and  switch  to  combine  the  functions  of  SI  and  R9.  Drill  holes  on  the  receiver  box  for 
power  switches  SI  and  S2,  as  well  as  gain  controls  R6  and  R8. 

Both  receiver  and  transmitter  enclosures  should  include  mounting  hardware  for 
small  camera  tripods.  Drill  a  Z"  hole  on  the  bottom  of  the  enclosure,  and  pass  a  l"-x- 
Va  20  bolt  through  it.  Tighten  with  a  Z"  20  threaded  nut,  and  a  Z"  20  coupler,  as 
shown  in  Fig.  13-3.  The  mounting  screw  on  the  camera  tripod  attaches  to  the  open 
end  of  the  coupler.  You  might  also  wish  to  mount  a  4x  rifle  scope  to  the  top  of  the  re¬ 
ceiver  enclosure.  With  some  careful  alignment,  you  can  use  the  scope  as  a  telescopic 
viewfinder  for  aiming  the  receiver. 


Assembled 


Coupler 


13-3  Camera  tripod  mounting  scheme  using  a  54-inch  20  bolt  and  coupler. 

Enclosures  also  allow  you  to  add  lenses  to  the  high-output  LED  (if  used;  it’s  not 
required  when  using  a  laser)  of  the  transmitter  and  photodiode  of  the  receiver. 
You  can  use  most  any  lens  for  the  LED  and  photodiode.  Try  a  25-mm  diameter  25-  to 
50-mm  focal-length  bi-convex  or  plano-convex  mirror  in  front  of  both  the  LED  and 
photodiode,  as  shown  in  Fig.  13-4. 

Be  sure  to  place  the  lens  the  proper  distance  from  the  LED  and  photodiode  (dis¬ 
tance  equal  to  the  focal  length  of  the  lens),  and  that  the  components  are  in-line  with 


13-4  Arrangement  of  lenses  for  the  transmitter  LED  and  receiver  diode.  Place  the  transmitter 
lens  at  its  focal  length  to  the  LED  and  place  the  receiver  lens  at  its  focal  length  to  the  diode. 
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the  optical  axis  of  the  lens.  A  tube-mounting  system,  like  that  in  Fig.  13-5,  lets  you 
adjust  the  placement  of  the  lenses  for  best  results. 


Lens 


Lens 


13-5 

How  to  combine  two  lenses  for 
increased  range. 


Tube  Spacer 


Using  the  long-range  communications  link 

You  need  two  people  to  fully  test  the  long-range  communications  link.  Testing  is  eas¬ 
ier  at  dusk  or  dark  because  you’ll  be  better  able  to  see  the  light  emitted  from  the 
transmitter.  Place  the  transmitter  and  receiver  on  tripods  and  “eyeball”  the  two  un¬ 
til  they  are  aligned.  If  the  distance  is  less  than  about  100  feet,  turn  the  transmitter  on 
and  watch  the  feint  glow  of  light  as  it  falls  on  the  photodiode  of  the  receiver. 

Plug  a  microphone  into  the  transmitter  and  dial  the  PC-mounted  gain  controls  (R7 
and  R8)  to  their  midpoints.  Dial  intensity  control  R8  to  its  midpoint  as  well.  On  the  re¬ 
ceiver,  dial  both  gain  controls,  R6  and  R8,  to  minimum.  Plug  a  set  of  headphones  into 
the  receiver,  but  wear  them  above  your  ears  instead  of  directly  over  your  ears. 

Speak  through  the  microphone  and  listen  on  the  headphones.  Slowly  increase 
gain  controls  R6  and  R8  on  the  receiver  to  about  their  midpoints,  or  until  you  start 
to  hear  sound.  The  two  controls  affect  the  gain  of  the  op  amps;  R6  controls  the  first 
stage  and  amplifies  the  signal  from  100  to  1000  times,  and  should  be  used  as  an  over¬ 
all  sensitivity  control.  Potentiometer  R8  amplifies  the  signal  an  additional  10  to  100 
times,  and  it  can  be  used  as  an  overall  volume  control.  The  two  controls  permit  pre¬ 
cise  control  of  the  gain  of  the  circuit,  and  helps  prevent  oscillations. 

You  can  increase  the  intensity  of  the  transmitted  beam  by  adjusting  potentiometer 
R9  on  the  transmitter.  You  can  adjust  the  gain  of  the  transmitter  by  tweaking  R7  and  R8. 

Once  the  system  is  aligned  and  adjusted,  increase  the  distance  in  100'  to  200'  in¬ 
crements.  When  necessary,  make  adjustments  in  the  gain  controls  to  pick  up  a  clear 
voice. 

After  building  and  testing  the  long-range  light- wave  communications  link,  here 
are  some  projects  you  can  undertake  to  further  your  experimentation: 

•  Use  the  lightwave  link  as  a  wireless  PA.  Set  up  a  microphone  and  transmitter 
on  a  podium  or  stand,  and  aim  it  at  a  receiver  and  amplifier  system.  Be  sure 
that  nothing  blocks  the  beam  from  transmitter  and  receiver.  Unlike  a  regular 
radio  link,  the  light-wave  communications  link  doesn’t  need  FCC  certification. 
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•  Build  two  links  for  a  two-way  communications  system.  As  long  as  you  take 
care  to  reduce  unwanted  reflections,  you  don’t  have  to  worry  conflicting 
radio  frequencies. 

•  Use  just  the  receiver  to  listen  to  modulated  light.  Listen  to  the  120-Hz  hum 
from  a  desklamp,  or  the  several  thousand  Hz  buzz  from  multiplexed 
fluorescent/LED  displays  on  microwave  ovens,  VCRs,  and  digital  clocks.  The 
designer  of  the  light- wave  communications  link,  Roger  Sonntag  of  General 
Science  &  Engineering,  even  suggests  listening  to  the  beating  of  wings  on 
small  insects.  As  sunlight  shines  through  their  wings,  the  receiver  picks  up 
the  slight  variations  in  light  intensity. 

•  The  light- wave  receiver  exhibits  extraordinary  high  gain  and  low  noise. 
Within  reason,  you  can  substitute  the  photodiode  for  a  number  of  other 
sensing  elements.  Try  wrapping  #20  wire  around  an  antenna  element  to 
listen  to  the  induced  electromagnetic  field  of  20  Hz  to  20  kHz  (hearing 
range).  Connect  a  microphone  in  place  of  the  photodiode  and  you  have  a 
super-sensitive  listening  device. 

Acoustic  modulation 

In  1880,  Alexander  Graham  Bell,  with  his  assistant  Sumner  Tainter,  demonstrated 
the  first  photophone,  a  mechanical  contraption  using  sunlight  or  collimated  artificial 
light  to  transmit  and  receive  voice  signals  over  long  distances.  Its  operation  was  sim¬ 
ple.  The  system  used  a  lightweight  membrane  similar  to  reflective  Mylar  as  a  voice 
diaphragm.  A  bright  beam  of  light,  typically  from  the  sun,  was  pointed  at  the  di¬ 
aphragm,  which  vibrated  when  a  person  talked  into  it.  The  vibration  then  caused  the 
light  to  fluctuate  in  syncopation  with  the  sound.  A  receiver,  located  some  distance 
away,  demodulated  the  fluctuating  light  levels  and  turned  the  beam  back  into  the 
talker’s  voice. 

Bell  had  great  hopes  for  the  photophone,  and  in  fact  had  predicted  that  it  would 
be  a  bigger  hit  than  the  telephone.  But  the  problems  of  poor  range  in  inclement 
weather  doomed  the  photophone  as  just  another  scientific  curiosity.  Had  Bell  used  a 
laser  with  his  photophone,  he  would  have  been  able  to  greatly  increase  the  range  of  the 
device.  Of  course,  clouds,  fog,  and  heavy  rain  would  have  still  reduced  the  working  dis¬ 
tance  of  the  laser  photophone,  limiting  it  to  a  clear- weather  communications  device. 

You  can  easily  duplicate  Bell’s  photophone,  adding  the  laser  as  a  high-tech  im¬ 
provement.  The  process  of  transmitting  low-frequency  audio  signals  via  a  photo¬ 
phone-like  device  is  more  accurately  termed  acousto-modulation.  You  can  use  a 
stretched  membrane  as  the  acoustic  vibrating  element  or  adapt  a  surplus  speaker  as 
a  “light  switch”. 

Stretched  membrane  modulator 

Thin,  reflective  Mylar  is  a  fairly  common  find  among  the  mail-order  surplus  outfits, 
as  well  as  at  local  army/navy  surplus  shops.  Reflective  Mylar,  or  a  reasonable  facsim¬ 
ile  made  with  generic  acetate,  is  used  to  produce  parachutes  for  radiosonde  equip¬ 
ment,  the  thermal  layer  on  camping  blankets,  high-tech  jewelry,  radar  jammer 
streamers,  and  lots  more.  The  price  is  reasonable.  A  small  2'-x-2'  square  sheet  of  re- 
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flective  (or  “aluminized”)  acetate  costs  about  $1  on  the  surplus  market  and  a  little 
more  when  you  buy  it  from  a  commercial  dealer.  One  small  square  is  all  you  need. 

Refer  to  Table  13-3  for  a  parts  list  for  the  stretched  membrane  modulator.  Secure 
the  Mylar  sheet  inside  a  4"  to  6"  diameter  embroidery  hoop,  as  shown  in  Fig.  13-6.  The 
hoop  allows  you  to  open  the  two  halves,  insert  the  material,  and  pull  it  tight  as  the  two 
halves  are  tightened  together.  The  idea  is  to  pull  the  Mylar  as  taut  as  possible. 

Table  13-3.  Mylar  hoop  modulator  parts  list 


1  4-  to  6-inch  diameter  circular  wood  or  plastic  embroidery  hoop 

1  4-  to  6-inch  diameter  full-range  speaker 

2  3-by-3  inch  wood  block  (for  base  and  speaker  mount);  14-inch  plywood  or  pine 

2  1-  by  14-inch  corner  angle  bracket 

4  %2  by  114-inch  bolts,  nuts,  flash  washers 

1  14-inch  20  nut  and  washer  (for  tripod) 

1  Portable  camera  tripod 


Mylar 


Tightening  bolt 


Hoop  with 
Mylar 


rj 

THT 


13-6  Basic  arrangement  for  the  Mylar  speaker  modulator.  (A)  Front  view  with  Mylar  stretched  in  embroidery 
hoop;  (B)  Side  view  with  speaker  behind  the  hoop. 


Mount  the  hoop  on  a  wooden  or  plastic  base.  Set  up  a  speaker  behind  the  hoop 
and  direct  a  laser  beam  at  the  Mylar.  Activate  the  speaker  using  a  radio,  tape  player, 
or  amplified  microphone.  As  the  speaker  vibrates,  it  oscillates  the  Mylar  and  thus 
modulates  the  laser  beam. 

The  modulation  is  not  electronic  or  electromechanical,  but  positional  or  geo¬ 
metrical.  You  can  see  the  effect  of  the  modulation  by  positioning  the  laser  so  that 


196  Chapter  13 


the  beam  strikes  a  distant  target.  When  the  Mylar  vibrates,  the  beam  is  displaced  at 
the  target,  making  squiggles  and  odd  shapes.  Position  a  receiving  element,  such  as  a 
solar  cell,  at  the  target  and  you  can  register  the  movement  by  sensing  the  varying  in¬ 
tensity  of  the  beam  (actually,  the  intensity  falls  off  as  the  beam  moves  off-axis  to  the 
center  of  the  cell). 

The  long-range  receiver,  described  earlier  in  this  chapter,  can  be  readily  used  to 
capture  and  demodulate  the  signal  transmitted  over  the  beam.  The  solar  cell  is  con¬ 
nected  to  the  receiver,  as  shown  in  Fig.  13-7. 


OTo  C17 


13-7 

How  to  connect  a  solar  cell  to 
the  input  of  the  universal  laser 
light  detector.  The  cell  provides 
better  sensitivity  in  the  visible 
light  range  than  an  infrared 
phototransistor. 


R1 

lkQ 


'M  Solar  Cell 


The  ideal  size  for  the  solar  cell  depends  on  the  divergence  of  the  beam  and  the 
distance  between  the  laser  and  receiver.  Beam  divergence  with  most  helium-neon 
lasers  is  only  about  one  milliradian  (less  on  high  quality  tubes).  Placing  the  target  50 
meters  away  produces  a  spot  of  about  50  mm  across  (about  2").  That  means  you  can 
use  a  silicon  solar  cell  that’s  2"  in  diameter  and  capture  all  or  most  of  the  beam.  Mod¬ 
ulation  that  causes  the  beam  to  wander  off-axis  to  the  cell  generates  a  change  of 
voltage. 

You  can  readily  calculate  the  approximate  beam  spread  at  any  distance  by  mul¬ 
tiplying  the  divergence  in  radians  by  the  distance  in  meters.  For  example: 

Divergence  (radians)  =  0.001 

Distance  -  200  0.001  times  200  equals  0.2,  or  200  millimeters 

Another  example:  What  is  the  spread  at  1  km  using  a  laser  with  a  divergence  of 
1.2  mrad?  Answer:  1.2  m.  That’s  a  small  amount,  considering  that  the  beam  travels 
over  half  a  mile.  You  can  reduce  beam  divergence  by  adding  collimating  optics  to  the 
output  of  the  laser.  Chapter  8  provides  details  on  building  laser  collimating  optics. 

Speaker  cone  modulator 

An  interesting  effect  used  in  many  light  shows  is  created  by  mounting  a  mirror  in  front 
of  a  speaker  (the  mirror  can  also  be  mounted  directly  on  the  speaker).  A  laser  beam, 
reflected  off  the  mirror,  bounces  around  on  the  wall  or  screen  in  time  to  the  music 
(various  mirror/speaker  mounting  techniques  are  covered  more  fully  in  Chapter  19). 

You  can  use  the  same  technique  to  transmit  audio  information  over  the  air.  Sim¬ 
ply  place  a  receiving  element  at  the  spot  where  the  beam  lands.  For  best  results, 
keep  the  amplitude  of  the  speaker  at  a  low  level  so  the  beam  doesn’t  deflect  more 
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than  a  few  degrees.  Use  a  2"  or  3"  diameter  silicon  solar  cell  as  the  receiver  element. 
You  can  use  the  speaker  to  transmit  music  from  a  radio  or  tape  player,  or  rig  up  the 
speaker  to  an  amplifier  and  microphone  and  broadcast  your  own  voice. 

Even  with  the  speaker  turned  down  low,  wide  deflection  of  the  beam  becomes  a 
problem  when  transmitting  over  long  distances.  The  beam  covers  a  larger  area  at  the 
target  as  the  distance  between  the  receiver  and  transmitter  is  increased.  It  is  gener¬ 
ally  impractical  to  enlarge  the  sensing  area  by  more  than  4"  or  5"  in  diameter,  so  an¬ 
other  approach  is  recommended.  This  idea  comes  from  Roger  Sonntag  at  General 
Science  &  Engineering.  Instead  of  bouncing  the  light  off  a  mirror,  cut  an  edge  off  the 
cone  of  a  speaker  and  use  it  as  a  “shutter.”  As  the  speaker  cone  vibrates,  it  alter¬ 
nately  passes  and  cuts  off  the  laser  beam.  The  system  requires  careful  alignment,  but 
the  deflection  of  the  beam  at  the  receiver  is  minimal. 

The  best  speakers  to  use  are  those  that  measure  4"  to  6"  in  diameter  and  have  a 
deep  taper.  Avoid  using  a  speaker  where  the  cone  lies  flat  in  the  frame. 

Mount  the  speaker  in  a  swivel  mount  so  that  you  can  adjust  its  height  and  angle. 
Place  a  helium-neon  or  CW  diode  laser  to  one  side  of  the  speaker  so  that  the  beam 
skims  across  the  top  of  the  cut  portion  of  the  cone.  Energize  the  speaker  with  a  fairly 
powerful  amplifier  (but  don’t  exceed  the  wattage  rating  of  the  speaker) ,  and  watch 
for  the  cone  to  move  in  and  out  in  response  to  the  sound.  Now  look  at  the  target  and 
watch  it  flicker  as  the  speaker  moves.  If  the  cone  doesn’t  block  the  beam,  or  blocks 
the  beam  entirely,  readjust  the  position  of  the  speaker,  as  needed. 

You  can  use  the  long-range  laser-beam  receiver  described  earlier  in  this  chapter 
to  capture  the  signal  on  the  modulated  beam.  The  intensity  of  the  beam  could 
swamp  the  phototransistor,  so  place  a  set  of  polarizers  in  front  and  vary  their  rota¬ 
tion  to  reduce  the  beam  intensity  to  a  usable  level. 

Electronic  modulation 
of  helium-neon  lasers 

Although  it  might  appear  otherwise,  it’s  fairly  easy  to  modulate  the  beam  of  a  helium- 
neon  laser,  and  using  only  a  handful  of  parts  at  that.  Two  approaches  are  provided 
here:  both  have  an  effective  bandwidth  of  around  0  Hz  to  3  kHz,  making  them  suit¬ 
able  for  most  voice  and  some  music  transmission  schemes. 

Transformer 

A  transformer  placed  in  line  with  the  high-voltage  power  supply  and  cathode  of  the 
tube  can  be  used  to  vary  the  current  supplied  to  the  tube.  This  causes  the  intensity 
of  the  beam  to  vary  This  is  amplitude  modulation,  the  same  technique  used  in  AM 
radio  broadcasts. 

Although  you  can  use  a  number  of  transformers  as  the  modulating  element, 
Dennis  Meredith  of  Meredith  Instruments  suggests  you  use  a  public  address  power 
output  transformer.  It’s  ideal  for  the  job  because  of  its  high  turns  ratio — the  ratio  of 
wire  loops  in  the  primary  and  secondary.  You  wire  the  transformer  in  reverse  to  the 
typical  application:  the  speaker  terminals  from  a  hi-fi  or  amplifier  connect  to  the 
“output”  of  the  transformer  and  the  laser  connects  to  the  “input.” 
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PA  transformers  are  available  from  almost  any  electronics  parts  store,  including 
Radio  Shack,  who  offers  a  good  one  for  under  $5.  PA  transformers  are  rated  by  their 
voltage,  usually  either  35  or  70  volts.  Get  the  higher  voltage  rating.  There  are  several 
terminals  on  the  transformer.  Connect  the  speaker  terminals  to  the  common  and 
8-Q  terminals;  connect  the  laser  cathode,  as  shown  in  Fig.  13-8,  to  the  common  and 
one  of  the  wattage  terminals  (parts  list  in  Table  13-4).  Experiment  with  the  wattage 
terminal  that  yields  the  most  modulation.  The  prototype  seemed  to  work  best  using 
the  5-watt  terminal. 


Audio  input 
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5  watt 


k< 


Primary  < 
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t  Secondary 
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Audio  input 
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Binding  post 


13-8  Wiring  diagram  for  the  He-Ne  laser  transformer  modulator. 


Table  13-4.  Transformer 
modulator  parts  list 


1  70-volt  PA  transformer 

1  !4-inch  miniature  jack 

2  5-way  binding  posts  (25  amp) 
1  Project  box 


The  cathode  passes  some  current,  so  touching  its  leads  can  cause  a  shock.  Isolate 
the  transformer  and  wires  in  a  small  project  box,  like  the  one  shown  in  Fig.  13-9.  Five¬ 
way  binding  posts  (fancy  banana  jacks)  are  used  for  the  cathode  connections;  the  au¬ 
dio  input  is  an  %"  miniature  phone  jack. 

Transistor 

Who  wants  to  lug  around  a  bulky  and  heavy  transformer  when  you  can  provide  mod¬ 
ulation  to  the  He-Ne  tube  using  a  simple  silicon  transistor?  This  next  mini-project 
provides  a  seed  that  you  can  use  to  design  and  build  an  all-electronic  analog  or  digi¬ 
tal  laser  communications  link.  I  have  not  fully  tested  the  upward  frequency  limits  of 
the  transistor  modulator,  but  I  successfully  passed  a  4-kHz  tone  through  the  proto¬ 
type  circuit  using  a  2-mW  He-Ne  tube. 
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13-9  The  finished  transformer  modulator,  enclosed  in  a  project  box  and  insulated  binding 
posts  added. 

You  can  use  just  about  any  transistor,  but  1  found  the  common  2N2222  signal 
transistor  to  be  adequate.  Connect  the  transistor  between  the  high-voltage  power 
supply  and  cathode  of  the  laser  tube,  as  shown  in  Fig.  13-10.  Heatsinking  is  not  re¬ 
quired  in  most  applications;  after  an  hour  of  testing  the  transistor,  it  remained  cool. 
The  transistor  is  all  you  need  for  the  basic  setup,  but  you  might  want  to  add  a  390-Q 
resistor  to  the  base  of  the  transistor.  To  make  the  “circuit”  more  permanent,  mount 
it  on  a  small  piece  of  perf  board  or  wire  it  into  one  of  your  He-Ne  laser  enclosures. 

Apply  a  well-amplified  signal  to  the  base  of  the  transistor  and  aim  the  laser  at  the 
long-range  laser  light  receiver.  You  should  hear  sound.  If  the  sound  is  weak,  double¬ 
check  your  wiring  and  try  turning  up  the  volume.  You  might  need  1  or  2  watts  of 
power  to  produce  a  measurable  amount  of  modulation. 
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Control  pot 


On/off  switch 


Circuit  board 


Laser 

(with  collimating 
lens;  see  Chapter  11) 


Project  box 


Batteries 
(in  holder) 


13-10  Wiring  diagram  for  the  He-Ne  laser  transistor  transformer.  Experiment  with  different 
transistors  and  test  results.  Both  the  transistor  and  transformer  modulation  schemes  require 
a  well-amplified  audio  signal. 
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CHAPTER 

Advanced  projects 
in  laser  com  ro  c  r  i  cation 


The  last  chapter  presented  a  number  of  basic  free-air  laser  light  communications 
projects.  You  learned  how  to  modulate  a  He-Ne  laser  beam  using  a  transformer,  tran¬ 
sistor,  and  even  a  piece  of  Mylar  foil  stretched  in  a  needlepoint  hoop.  You  also 
learned  various  ways  to  electronically  modulate  laser  diodes  and  recover  the  trans¬ 
mitted  audio  signal.  This  chapter  presents  advanced  projects  in  free-air  laser-beam 
communications,  specifically  how  to  link  two  computers  by  a  laser  beam. 

Data  transmission 

The  UART  (Universal  Asynchronous  Receive/Transmit)  chip  converts  parallel  to  se¬ 
rial  and  serial  to  parallel.  It’s  much  more  involved  than  a  shift  register  that  simply 
converts  parallel  data  to  pure  serial  form,  or  vice  versa. 

The  UART  allows  you  to  send  data  to  devices  such  as  printers,  plotters,  and 
modems,  and  yet  be  assured  that  all  the  information  you  are  sending  is  getting  there 
intact.  Built  into  the  chip  are  provisions  for  sending  and  receiving  at  the  same  time, 
for  adding  parity  bits  and  stop  bits  to  the  serial  data  train,  and  more.  A  pinout  dia¬ 
gram  for  the  IC  is  shown  in  Fig.  14-1.  Notice  that  a  number  of  other  UARTs  will  work 
as  well  and  that  these  chips  might  even  have  the  same  pinouts.  The  functions  of  the 
pins  are  listed  in  any  UART  spec  sheet. 

For  all  their  sophistication,  however,  UART  chips  are  surprisingly  inexpensive — 
under  $5  or  $6.  They  require  accurate  timing,  however,  which  means  the  addition  of 
a  crystal  and  a  baud-rate  generator  (the  generator  can  be  replaced  by  other  circuits, 
but  in  the  long  run,  the  generator  is  a  better  choice).  With  all  the  components  added, 
a  UART  system  costs  about  $15. 

You  can  arrange  the  UARTs  in  a  number  of  ways.  For  example,  a  computer  (such 
as  the  IBM  PC)  has  its  own  UART  built  into  it.  You  can  connect  it  to  a  laser  modula¬ 
tor  and  send  serial  data  through  the  light  beam.  You  can  either  receive  the  data  and 
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Pin-out  diagram  for  the 
AY3-1015  (or  equivalent)  UART 
chip. 


Table  14-1.  Transmitter  UART  parts  list 


IC1  AY3-1015D  UART  IC 

IC2  AY5-8 116  baud  rate  generator 

R1  33-kQ  resistor 

Q1  2N2222  transistor 

SI  SPST  switch  (momentary,  normally  closed) 

XTL1  3.57-MHz  (colorburst)  crystal 


All  resistors  are  5-  to  10-percent  tolerance,  K  watt. 
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process  it  through  the  serial  port  on  the  remote  computer,  or  convert  it  to  parallel 
form  with  a  receiver  UART. 

The  parallel  printer  port  of  a  PC  or  compatible  lacks  a  UART  device  and  is  ideal  for 
the  UART  link  used  in  this  project.  On  most  PCs,  the  parallel  port  is  bidirectional — 
though  this  project  uses  it  as  an  output  device  only,  as  the  UART  connected  to  the  PC 
is  a  transmit-only  device.  You  can  convert  to  transceiver  operation  by  rewiring  it. 

The  circuit  in  Fig.  14-2  shows  how  to  connect  the  transmitter  UART  to  a  paral¬ 
lel  printer  port  on  an  IBM  PC  or  compatible.  You  can  connect  the  transmitter  UART 
to  an  audio  amplifier  and  transformer  or  transistor  modulator  to  operate  a  helium- 
neon  laser  tube.  The  receiver  UART  shown  in  Fig.  14-3  can  be  used  as  a  stand-alone 
remote-control  device.  Or,  it  can  be  connected  to  another  computer  for  the  purpose 
of  receiving  signals  from  the  host  machine.  See  Table  14-2  for  a  list  of  parts  for  the 
receiver  UART. 
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14-3  Schematic  diagram  for  UART  receiver. 

Table  14-2.  Receiver  UART  parts  list 


IC1  AY3-1015D  UART  IC 

IC2  AY5-81 16  baud  rate  generator 

IC3  4049  CMOS  hex  inverter  IC 

R1  22-k Cl  resistor 

R2  82-kQ  resistor 

R3  100-k£2  resistor 

Cl  1-|liF  tantalum  capacitor 

Q1  2N2222  transistor 

D1  1N914  diode 

SI  SPST  switch  (momentary,  normally  closed) 

XTL1  3.57-MHz  (colorburst)  crystal 


All  resistors  are  5-  to  10-percent  tolerance,  !4  watt.  All  capacitors 
are  10-  to  20-percent  tolerance,  rated  35  volts  or  more. 
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The  output  of  the  receiver  UART  is  an  8-bit  binary  code.  This  code  can  be  used 
to  remotely  control  up  to  256  functions.  One  way  to  operate  up  to  16  devices,  such 
as  solenoids,  alarms,  or  motors,  is  shown  in  Fig.  14-4.  The  UART  is  connected  to  a 
4028  l-of-10  decoder.  The  first  10  digits  (00000000  through  00001010)  are  decoded 
and  applied  to  relays  or  opto-isolators,  where  they  can  be  used  to  drive  any  of  a  num¬ 
ber  of  output  devices. 


o 
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Outputs 


14-4  Four  lines  from  the  UART  receiver  can  be  decoded  into  10  lines 
using  a  4028  IC. 


How  the  UART  works 

In  the  schematic  in  Fig.  14-2,  8-bit  parallel  data  from  the  computer  is  routed  to  the 
data  lines  on  the  UART.  When  the  computer  is  ready  to  send  the  byte,  it  pulses  the 
STROBE  line  high  (the  line  might  be  called  data  ready  or  something  similar).  The  UART 
converts  the  data  to  serial  format  and  sends  it  through  the  serial  output  (SO)  pin.  The 
speed  of  the  data  leaving  the  output  is  determined  by  the  baud-rate  generator.  The 
COM8116  dual  baud-rate  generator  sets  the  speed  of  the  transmission  and  reception, 
and  it  is  hooked  up  here  to  be  rather  slow — about  300  baud.  This  means  that  the  UART 
sends  serial  data  at  the  rate  of  roughly  300  bits  per  second  (equivalent  to  30  bytes  per 
second). 

The  receiving  UART  is  connected  almost  in  reverse  to  the  transmitting  UART. 
The  receiver  uses  a  baud-rate  generator  that  is  operating  at  the  same  frequency  as 


206  Chapter  14 


the  transmitter.  The  receiver  is  equipped  with  an  IR  photodetector.  If  you  could  see 
infrared  light,  you’d  see  the  laser  diode  flash  on  and  off  very  rapidly  as  the  data 
passed.  The  ON  and  off  periods  are  equal  to  Os  and  Is,  or  spaces  and  marks ,  as  they 
are  called  in  serial  communications. 

The  amplified  output  is  applied  to  the  serial  data  pin  on  the  UART.  When  an  en¬ 
tire  word  is  received,  the  UART  places  it  on  the  parallel  data  output  pins  and  pulses 
the  DATA  available  pin.  In  this  circuit,  a  short  time  delay  is  used  to  automatically  re¬ 
set  the  UART  so  that  it  processes  the  next  word. 

Alternate  He-Ne  laser  photosensor 

Conventional  photodiodes  are  engineered  to  be  most  sensitive  to  light  wavelengths 
in  the  near-infrared  region.  That  automatically  reduces  their  effectiveness  in  receiv¬ 
ing  a  modulated  signal  over  the  red  beam  of  a  helium-neon  laser.  This  loss  in  sensi¬ 
tivity  is  not  a  major  concern  in  most  laser  communications  links,  but  it  can  present 
problems  if  the  laser-to-receiver  distance  is  very  long. 

More  importantly,  an  infrared-sensitive  phototransistor  or  photodiode  is  suscep¬ 
tible  to  swamping  by  the  infrared  radiation  of  the  sun.  Even  with  red  filters,  it’s  diffi¬ 
cult  to  “tune  out”  the  sun  while  receiving  the  modulated  signal  over  the  laser  beam. 
A  better  approach  is  to  use  a  red  light-emitting  diode.  Though  not  specifically  de¬ 
signed  to  detect  light,  an  LED  can  be  easily  adapted  for  the  purpose.  Inventor  and 
magazine  columnist  Forrest  Mims  III  has  written  extensively  on  this  topic;  check  out 
back  issues  of  Popular  Electronics  and  Modem  Electronics  for  details. 

Sensitivity  in  the  red  region  of  the  visible  spectrum  is  accentuated  because  the 
LED  is  designed  to  emit  red  light.  You  obtain  best  results  when  using  clear,  non-dif- 
fused  red  LEDs.  Sample  hookup  diagrams  appear  in  Fig.  14-5.  In  my  tests,  the  white 
light  and  infrared  content  of  a  nearby  desk  lamp  changed  the  output  of  the  circuit  by 
a  few  tenths  of  a  volt.  But  shining  a  red  He-Ne  laser  at  the  LED  caused  the  output  to 
swing  to  about  a  volt  or  two  of  the  supply  voltage. 
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14-5  Ways  to  connect  an  undiffused  red  LED  to  an  op  amp.  (A)  Adjustable  sensitivity;  (B) 
Preset  sensitivity. 
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Most  everyone  has  encountered  fiberoptics  at  one  time  or  another.  Many  telephone 
calls — both  local  and  long  distance — are  now  carried  at  least  partially  by  light  shuttling 
through  a  strand  of  plastic  or  glass.  Fiberoptics  are  now  used  on  some  of  the  higher- 
end  audio  systems  as  a  means  to  prevent  digital  signals  from  interfering  with  analog 
signals.  And  fiberoptic  sculptures,  in  vogue  in  the  late  1960s  but  coming  back  in  style 
today,  look  like  high-tech  flowers  that  seem  to  burst  out  in  brightly  colored  lights. 

An  optical  fiber  is  to  light  what  PVC  pipe  is  to  water.  Though  the  fiber  is  a  solid, 
it  channels  light  from  one  end  to  the  other.  Even  if  the  fiber  is  bent,  the  light  will  fol¬ 
low  the  path  in  whatever  course  it  takes.  Because  light  acts  as  the  information  car¬ 
rier,  a  strand  of  optical  fiber  no  bigger  than  a  human  hair  can  carry  the  same 
information  as  about  900  copper  wires.  This  is  one  reason  why  fiberoptics  is  used  in¬ 
creasingly  in  telephone  communications. 

Laser  light  exhibits  unique  behavior  when  transmitted  through  optical  fiber. 
This  chapter  shows  how  to  work  with  optical  fibers,  ways  to  interface  fibers  to  a 
laser,  and  many  other  interesting  applications. 

How  fiberoptics  work 

The  idea  of  optical  fibers  is  over  100  years  old.  British  physicist  John  Tyndall  once 
demonstrated  how  a  bright  beam  of  light  was  internally  reflected  through  a  stream 
of  water  flowing  out  of  a  tank.  Serious  research  into  light  transmission  through  solid 
material  started  in  1934  when  Bell  Labs  was  issued  a  patent  for  the  light  pipe. 

In  the  1950s,  the  American  Optical  Corporation  developed  glass  fibers  that 
transmitted  light  over  short  distances  (a  few  yards).  The  technology  of  fiberoptics 
really  took  off  in  about  1970  when  scientists  at  Corning  Class  Works  developed  long¬ 
distance  optical  fibers. 

All  optical  fibers  are  composed  of  two  basic  materials,  as  illustrated  in  Fig.  15-1: 
the  core  and  the  cladding.  The  core  is  a  dense  glass  or  plastic  material  where  the 
light  actually  passes  through  as  it  travels  the  length  of  the  fiber.  The  cladding  is  a 
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Protective  sheath 


Cladding 


Core 


15-1  Design  of  the  typical  optical  fiber. 

less-dense  sheath,  also  of  plastic  or  glass,  that  serves  as  a  refracting  medium.  An  op¬ 
tical  fiber  might  have  an  outer  jacket,  a  plastic  or  rubber  insulation  for  protection. 

Optical  fibers  transmit  light  by  total  internal  reflection  (TIR).  Imagine  a  ray  of 
light  entering  the  end  of  an  optical  fiber  strand.  If  the  fiber  is  perfectly  straight,  the 
light  will  pass  through  the  medium  just  as  it  passes  through  a  plate  of  glass.  But  if  the 
fiber  is  bent  slightly,  the  light  will  eventually  strike  the  outside  edge  of  the  fiber. 

If  the  angle  of  incidence  is  great  (greater  than  the  critical  angle),  the  light  will  be 
reflected  internally  and  will  continue  its  path  through  the  fiber.  But  if  the  bend  is  large 
and  the  angle  of  incidence  is  small  (less  than  the  critical  angle),  the  light  will  pass 
through  the  fiber  and  be  lost.  The  basic  operation  of  fiberoptics  is  shown  in  Fig.  15-2. 
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15-2  Operation  of  an  optical  fiber,  with  cone 
of  acceptance. 
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Notice  the  cone  of  acceptance ;  the  cone  represents  the  degree  to  which  the  in¬ 
coming  light  can  be  off-axis  and  still  make  it  through  the  fiber.  The  cone  of  accep¬ 
tance  (usually  30°)  of  an  optical  fiber  determines  how  far  the  light  source  can  be 
from  the  optical  axis  and  still  manage  to  make  it  into  the  fiber.  Though  the  cone  of 
acceptance  might  seem  generous,  fiberoptics  perform  best  when  the  light  source 
(and  detector)  are  aligned  to  the  optical  axis. 

Optical  fibers  are  made  by  pulling  a  strand  of  glass  or  plastic  through  a  small  orifice. 
The  process  is  repeated  until  the  strand  is  just  a  few  hundred  (or  less)  micrometers  in 
diameter.  Although  single  strands  are  sometimes  used  in  special  applications,  most  op¬ 
tical  fibers  consist  of  many  strands  bundled  and  fused  together.  There  might  be  hun¬ 
dreds  or  even  thousands  of  strands  in  one  fused  optical  fiber  bundle.  Separate  fused 
bundles  can  also  be  clustered  to  produce  fibers  that  measure  he"  or  more  in  diameter. 

Types  of  optical  fibers 

The  classic  optical  fiber  is  made  of  glass ,  also  called  silica.  Glass  fibers  tend  to  be 
expensive  and  are  more  brittle  than  stranded  copper  wire.  But  they  are  excellent 
conductors  of  light — especially  light  in  the  infrared  region  between  850  and  1300 
nm.  Less-expensive  optical  fibers  are  made  of  plastic.  Though  light  loss  through 
plastic  fibers  is  greater  than  with  glass  fibers,  they  are  more  durable.  Plastic  fibers 
are  best  used  in  communications  experiments  with  near-infrared  light  sources — in 
the  780-  to  950-nm  range.  This  nicely  corresponds  to  the  output  wavelength  and 
sensitivity  of  commonplace  infrared  emitters  and  detectors. 

Optical  fiber  bundles  can  be  coherent  or  incoherent.  The  terms  don’t  directly  re¬ 
late  to  laser  light  or  its  properties,  but  to  the  arrangement  of  the  individual  strands 
in  the  bundle.  If  the  strands  are  arranged  so  that  the  fibers  can  transmit  a  pictorial 
image  from  one  end  to  the  other,  it  is  said  to  be  coherent.  The  vast  majority  of  opti¬ 
cal  fibers  are  incoherent ,  where  an  image  or  special  pattern  of  light  is  lost  when  it 
reaches  the  other  end  of  the  fiber. 

The  cladding  used  in  optical  fibers  can  be  one  of  two  types — step-index  and 
graded-index.  Step-index  fibers  provide  a  discrete  boundary  between  more-dense 
and  less-dense  regions  between  core  and  cladding.  They  are  the  easiest  to  manufac¬ 
ture,  but  their  design  causes  a  loss  of  coherency  when  laser  light  passes  through  the 
fiber.  That  means  coherent  light  in,  largely  incoherent  light  out.  The  loss  of  co¬ 
herency,  which  is  caused  by  light  rays  traveling  on  slightly  different  paths  through 
the  fiber,  reduces  the  efficiency  of  the  laser  beam.  Still,  it  offers  some  practical  ben¬ 
efits,  as  you’ll  see  later  in  this  chapter. 

There  is  no  discrete  refractive  boundary  in  graded-index  fibers.  The  core  and 
cladding  media  slowly  blend,  like  an  exotic  tropical  drink.  The  grading  acts  to  refract 
light  evenly,  at  any  angle  of  incidence.  This  preserves  coherency  and  improves  the 
efficiency  of  the  fiber.  As  you  might  have  guessed,  graded-index  optical  fibers  are 
the  most  expensive  of  the  bunch.  Unless  you  have  a  specific  project  in  mind  (like  a 
10-mile  fiber  link),  graded-index  fibers  are  not  needed — even  when  experimenting 
with  lasers. 
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Working  with  fiberoptics 

Where  do  you  buy  optical  fibers?  Although  you  could  go  directly  to  the  source,  such  as 
Dow  Corning,  American  Optical,  or  Dolan-Jenner,  a  cheaper  and  easier  way  is  through 
electronic  and  surplus  mail  order.  Radio  Shack  sells  5-m  lengths  of  jacketed  plastic 
fiber;  Edmund  Scientific  offers  a  number  of  different  types  and  diameters  of  optical 
fibers.  You  can  buy  most  any  length  you  need — from  a  sampler  containing  a  few  feet  of 
several  types  to  a  spool  containing  thousands  of  feet  of  one  continuous  fiber. 

A  number  of  surplus  outfits,  such  as  American  Science  and  Surplus  and  C&H 
Sales,  offer  optical  fibers  from  time  to  time  (stocks  change,  so  write  for  the  latest 
catalog  before  ordering) .  You  might  not  have  much  choice  over  the  type  of  fiber  you 
buy,  but  the  cost  will  be  more  than  reasonable. 

Although  it’s  possible  to  use  an  optical  fiber  by  itself,  serious  experimentation 
requires  the  use  of  fiber  couplings  and  connectors.  These  are  mechanical  splices 
used  to  connect  two  fibers  together  or  to  link  a  fiber  to  a  light  emitter  or  detector.  Be 
aware  that  good  fiberoptic  connectors  are  expensive.  Look  for  the  inexpensive  plas¬ 
tic  types  meant  for  non-military  applications.  You  can  also  make  your  own  home- 
built  couplings.  Details  follow  later  in  this  chapter. 

Optical  fibers  can  be  cut  with  wire  cutters,  nippers,  or  even  a  knife.  But  care 
must  be  exercised  to  avoid  injury  from  shards  of  glass  that  can  fly  out  when  the  fiber 
is  cut  (plastic  fibers  don’t  shatter  when  cut).  Wear  heavy  cotton  gloves  and  eye  pro¬ 
tection  when  working  with  optical  fibers.  Avoid  working  with  fibers  around  any  kind 
of  food-serving  or  preparation  areas  because  tiny  bits  of  glass  can  inadvertently  and 
invisibly  settle  on  food,  plates,  etc. 

One  good  way  to  cut  glass  fiber  is  to  gently  nick  it  with  a  sharp  knife  or  razor, 
then  snap  it  in  two.  Position  your  thumb  and  index  finger  of  both  hands  as  close  to 
the  nick  as  possible,  then  break  the  fiber  with  a  swift  downward  motion  (snapping 
upwards  increases  the  chance  of  glass  shards  flying  off  toward  you). 

Whether  snapped  apart  or  cut,  the  end  of  the  fiber  should  be  prepared  before 
splicing  it  to  another  fiber  or  connecting  it  to  a  light  emitter  or  detector.  The  ends  of 
the  cut  fiber  can  be  polished  using  extra-fine  grit  aluminum  oxide  wet/dry  sandpa¬ 
per  (330  grit  or  higher).  Wet  the  sandpaper  and  gently  grind  the  end  of  the  fiber  on 
it.  You  can  obtain  good  results  by  laying  the  sandpaper  flat  on  a  table  and  holding  the 
fiber  in  your  hands.  Rub  in  a  circular  motion  and  take  care  to  keep  the  fiber  perpen¬ 
dicular  to  the  surface  of  the  sandpaper.  If  the  fiber  is  small,  mount  it  in  a  pin  vise. 

Inspect  the  end  of  the  fiber  with  a  high-powered  magnifying  glass  (a  record- 
player  stylus  magnifier  works  well).  Shine  a  light  through  the  opposite  end  of  the 
fiber.  The  magnified  end  of  the  fiber  should  be  bright  and  round.  Recut  the  fiber  if 
the  ends  look  crescent-shaped  or  have  nicks  in  them. 

Fiberoptic  connectors 

Commercially  made  fiberoptic  connectors  are  pricey — even  the  plastic  AMP  Optimate 
Dry  Non-Polish  (DNP)  variety.  A  number  of  mail-order  firms,  such  as  Digi-Key  and 
Jameco  offer  splices,  for  joining  two  fibers,  and  connectors,  for  attaching  the  fiber  to 
emitters  and  detectors.  Depending  on  the  manufacturer  and  model,  the  connectors 
are  made  to  work  with  either  the  round-  or  flat-style  phototransistors  and  emitters. 
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You  can  make  your  own  connectors  and  splices  for  home-brew  laser  experi¬ 
ments.  Figure  15-3  shows  several  approaches.  An  easy  way  to  splice  fibers  is  to  use 
small  heatshrink  tubing.  Cut  a  piece  of  the  tubing  to  about  After  properly  cutting 
(and  polishing)  the  ends  of  the  fiber,  insert  them  into  the  tubing  and  heat  lightly  to 
shrink.  Best  results  are  obtained  when  the  tubing  is  thick-walled. 


Optical  fiber 


Small  hole 
drilled  in 
photo  transistor 


Slide  spacer 

over  fiber  Apply  heat  shrink 

- ►  tubing  over  spacer 


Spacer  Fiber 

Roll  tape 
onto  fiber 


\ 


15-3  Ways  to  connect  fiberoptics  to  phototransistors,  LEDs,  and  laser  diodes. 

Optical  fibers  can  be  directly  connected  to  photodiodes  by  drilling  a  hole  in  the 
casing,  inserting  the  fiber,  and  bonding  the  assembly  with  epoxy.  Be  sure  that  you 
don’t  drill  into  the  semiconductor  chip  itself.  Keep  the  drill  motor  at  a  fairly  slow 
speed  to  avoid  melting  the  plastic  casing.  Work  slowly. 

A  strand  of  optical  fiber  can  be  held  in  place  using  a  pin  vise  (remove  the  outer 
jacket,  if  any,  and  tighten  the  chuck  around  the  fiber)  or  by  using  solderless  insu¬ 
lated  spade  tongues.  These  tongues  are  designed  for  terminating  copper  wire,  but 
they  can  be  successfully  used  to  anchor  almost  any  size  of  optical  fiber  to  a  bulkhead. 
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The  laser,  be  it  He-Ne  or  semiconductor,  can  then  be  aimed  directly  into  the  cone  of 
acceptance  of  the  fiber. 

Spade  tongues,  as  shown  in  Fig.  15-4,  are  available  in  a  variety  of  sizes  to  accom¬ 
modate  different  wire  gauges.  Use  #6  (22  to  18  gauge)  for  small  optical  fibers  and  #8 
(16  to  14  gauge)  for  larger  fibers.  Secure  the  fiber  in  the  spade  tongue  by  crimping 
with  a  crimp  tool.  Do  not  exert  too  much  pressure  or  you  will  deform  the  fiber.  If  the 
fiber  is  loose  after  crimping,  dab  on  a  little  epoxy  to  keep  everything  in  place. 


Insert  fiber  here 


Crimp  connector 


Spade  lug 


15-4  A  solderless  crimp  lug  can  be  used  to  secure  the  end 
of  a  optical  fiber  to  a  circuit  board  or  bulkhead. 


The  “FLCS”  package,  shown  in  Fig.  15-5,  is  a  low-cost  fiberoptic  connector  avail¬ 
able  from  a  variety  of  sources,  including  Radio  Shack,  Circuit  Specialists,  and  many 
Motorola  semiconductor  representatives.  It  can  be  easily  adapted  for  use  with  laser 
diodes  by  cutting  off  the  back  portion.  This  exposes  the  optical  fiber. 

After  removing  the  emitter  diode,  file  or  grind  off  the  back  end  of  the  connector, 
as  shown  in  Fig.  15-6.  You  can  also  drill  out  the  back  of  the  connector  with  a  %>"  bit. 
Mount  the  connector  and  laser  on  a  circuit  board  or  perf  board,  and  be  careful  to 
align  the  laser  so  that  its  beam  directly  enters  the  end  of  the  fiber. 

Build  a  laser  data  link 

A  number  of  educational  fiberoptic  kits  are  available  (see  Appendix  A  for  sources)  and 
at  reasonable  cost.  For  example,  the  Edu-Link  (available  through  Advanced  Fiberoptics 
Corp.,  Circuit  Specialists,  Edmund,  and  others)  contains  pre-etched  and  drilled  PC 
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15-5  The  popular  plastic  “FLCS”  optical  fiber  connector. 
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15-6  How  to  modify  an  “FLCS”  connector  to  open  the  back  portion. 
With  the  back  open,  you  can  shine  a  laser  beam  inside  the  connector 
and  into  the  optical  fiber. 
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boards  for  a  small  transmitter  and  receiver  along  with  a  short  length  of  jacketed  plastic 
or  glass  fiber.  The  emitter  LED  and  photodetector  are  housed  in  plastic  connectors,  and 
the  circuits  provide  input  and  output  pins  for  sending  and  receiving  digital  data. 

You  can  use  the  Edu-Link  or  the  circuits  shown  in  Figs.  15-7  and  15-8  to  build 
your  own  fiberoptic  transmitter  and  receiver.  Parts  lists  for  the  two  circuits  are  pro¬ 
vided  in  Tables  15-1  and  15-2.  Notice  that  the  Edu-Link,  as  well  as  other  fiberoptic 
data  communications  kits,  use  a  resistor  to  limit  current  to  the  emitter  LED.  The 
value  of  the  resistor  is  typically  100  to  220  Q.  At  100  Q  and  a  5-Vdc  supply,  current 
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15-7  Schematic  for  experimenter’s  data  transmitter  using  optical  fibers  and  a  laser  diode.  Transmission  fre¬ 
quency  of  the  free-running  oscillator  is  approximately  3  kHz. 
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15-8  Schematic  for  experimenter’s  data  receiver. 
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Table  15-1.  Optical  fiber 
transmitter  parts  list 


IC1  4093  CMOS  NAND  gate  IC 

R1  220-kQ  resistor 

R2  33K-Q  resistor 

R3  3.9K-Q  resistor 

R4  33K-Q  resistor 

R5  56-Q  (nominal)  resistor 

Cl  0.01-pF  disc  capacitor 

Q1  2N2222  transistor 

Laser  diode 

All  resistors  are  5-  to  10-percent  tolerance, 
14  watt.  All  capacitors  are  1 0-  to  20- 
percent  tolerance,  rated  35  volts  or  more. 


Table  15-2.  Optical  fiber 
receiver  parts  list 

IC1  4093  CMOS  NAND  gate  IC 
R1  220-kQ  resistor 
R2  l-k£2  resistor 
Q1  Infrared  phototransistor 

Q2  2N2222  transistor 


All  resistors  are  5-  to  10-percent  tolerance, 
14  watt. 


to  the  emitter  LED  is  35  mA  (assuming  a  1.5-volt  drop  through  the  LED).  That  isn’t 
enough  to  operate  a  dual-heterostructure  laser  diode,  so  the  resistor  must  be  ex¬ 
changed  for  a  lower  value.  A  56-0  resistor  will  provide  about  62  mA  of  current  to  the 
laser  diode;  a  47-0  resistor  will  deliver  about  74  mA  of  current.  A  feedback  mecha¬ 
nism  for  controlling  the  output  of  the  laser  diode  is  not  strictly  required  because  the 
device  is  used  in  pulsed  mode. 

If  you  are  using  the  Edu-Link  system  and  have  not  yet  assembled  the  boards, 
construct  the  transmitter  and  receiver  circuits,  but  don’t  mount  the  emitter  LED. 
Connect  a  Sharp  LT020,  LT022,  or  equivalent  low-power  dh  laser  diode  to  the  trans¬ 
mitter  circuit.  Dismantle  the  emitter  and  modify  the  connector  for  use  with  the  laser 
diode,  as  detailed  in  the  previous  section. 

The  transmitter  circuit  of  Fig.  15-7  includes  a  built-in  oscillator.  Digger  it  by 
placing  the  enable  and  data  in  lines  high.  Next,  connect  a  logic  probe  to  the  data 
OUT  pin  of  the  receiver.  Apply  power  to  the  two  circuits  and  watch  for  the  pulses  at 
the  data  OUT  pin.  If  pulses  are  not  present,  double-check  your  work  and  be  sure  that 
the  fiberoptic  connection  between  the  transmitter  and  receiver  is  aligned  and  secure 
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and  that  the  output  laser  diode  is  properly  aligned  to  the  fiber.  Remove  power  and 
disconnect  the  logic  probe. 

In  normal  operation,  place  the  enable  pin  LOW  and  connect  any  serial  data  to  the 
data  IN  pin.  Be  sure  that  the  incoming  signal  is  TTL  compatible  or  does  not  exceed 
the  supply  voltage  of  the  transmitter.  You  can  use  the  circuit  to  transmit  and  receive 
ASCII  computer  data,  remote-control  codes,  or  other  binary  information.  The  cir¬ 
cuits  in  Chapter  14,  “Advanced  Projects  in  Laser  Communication,”  show  how  to 
transmit  computer  data  by  laser  over  the  air. 

A  number  of  these  projects  can  easily  be  adapted  for  use  with  the  fiberoptic 
transmitter  and  receiver.  For  example,  you  can  connect  the  output  pin  of  the  Mo¬ 
torola  14557  remote-control  transmitter  chip  to  the  data  in  pin  of  the  Edu-kit  trans¬ 
mitter  circuit.  The  matching  Motorola  14558  receiver  chip  connects  to  the  data  OUT 
terminal  on  the  Edu-kit  receiver  circuit. 

The  CMOS  chips  in  the  transmitter  and  receiver  can  be  operated  with  supplies 
up  to  18  volts,  but  be  careful  when  adjusting  R5,  the  resistor  that  limits  current  to 
the  laser  diode.  An  increase  in  supply  current  must  be  matched  with  an  increase  in 
resistance  or  the  laser  diode  could  be  damaged. 

Use  Ohm's  law  to  compute  the  required  value  (R  =  EH').  Assume  a  1.2-  to  1.5- 
volt  drop  through  the  diode. 

Example: 

•  Supply  voltage  12  volts. 

•  Voltage  drop  through  laser  diode  1.5  volts. 

•  Working  voltage  10.5  volts  (12  -  1.5). 

•  Desired  current  (60  to  80  mA) — 70  mA  nominal. 

•  Resistor  to  use  150  Q  (10.5/0.070  =  150). 

More  experiments 
with  lasers  and  fiberoptics 

Besides  data  transmission,  fiberoptics  can  be  used  to: 

•  Transmit  analog  data  (modulate  a  diode  or  He-Ne  laser  and  pass  it  through 
the  fiber) . 

•  Detect  vibration  and  motion. 

•  Route  laser  light  to  remote  locations. 

•  Separate  a  laser  beam  into  several  shafts  of  light. 

This  is  only  a  partial  listing;  there  are  literally  dozens  of  useful  and  practical  ap¬ 
plications  for  lasers  and  fiberoptics.  Some  hands-on  projects  follow. 

Vibration  and  movement  detection 

A  fiberoptic  strand  doesn’t  make  the  best  medium  for  transmitting  laser-light  analog 
data.  Why?  The  fiber  itself  can  contribute  to  noise.  As  mentioned  earlier,  when  a 
beam  of  coherent  laser  light  is  passed  through  a  conventional  step-index  optical 
fiber,  the  rays  travel  different  paths,  and  the  light  that  exits  is  largely  incoherent.  You 
can  see  the  effects  of  this  interference  by  shining  a  helium-neon  laser  through  an  op¬ 
tical  fiber.  Point  the  exit  beam  at  a  white  piece  of  paper  and  you’ll  see  a  great  deal  of 
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speckle.  The  speckle  is  the  constructive  and  destructive  interference,  created  inside 
the  fiber,  as  the  laser  light  rays  travel  from  one  end  to  the  other. 

This  interference — which  is  most  prominent  in  low-cost  plastic  optical  fibers — 
is  normally  an  undesirable  side  effect.  However,  it  can  be  put  to  good  use  as  a  vibra¬ 
tion-  and  motion-detection  system.  Connect  a  phototransistor  to  the  exit-end  of  the 
fiber  to  monitor  the  light  output.  Movement  of  the  fiber  causes  a  change  in  the  way 
the  light  is  reflected  inside,  and  this  changes  the  coherency  (or  incoherency,  de¬ 
pending  on  how  you  look  at  it)  of  the  beam.  A  simple  audio  amplifier  connected  to 
the  phototransistor  allows  you  to  hear  the  movement. 

Figure  15-9  shows  a  setup  you  can  use  to  test  the  effects  of  fiberoptic  vibration 
and  motion.  A  parts  list  for  the  system  is  provided  in  Table  15-3.  More  advanced  pro¬ 
jects  using  this  technique  are  included  in  Chapter  16,  “Experiments  in  Laser  Seismol¬ 
ogy.”  The  noise  is  sometimes  a  hiss  and  sometimes  a  “thrum.”  Depending  on  the  length 
of  the  fiber  and  type  of  motion,  you  might  also  hear  low-  or  high-pitched  squeals. 
These  squeals  can  change  pitch  as  the  fiber  or  phototransistor  is  slowly  moved. 

The  squeals  are  caused  by  the  Doppler  effect  of  optical  heterodyning ,  a 
process  whereby  two  rays  of  light  at  slightly  different  frequencies  meet.  The  two  ba¬ 
sic  (or  fundamental)  frequencies  mix  together,  creating  two  additional  frequencies. 
One  is  the  sum  of  the  two  fundamental  frequencies  and  the  other  is  the  difference. 

How  are  the  different  frequencies  of  light  created?  Remember  that  the  speed  of 
light  slows  down  as  it  passes  through  a  refractive  medium.  There  is  a  strict  relation¬ 
ship  between  the  wavelength,  speed,  and  frequency  of  light.  Because  the  frequency 
of  light  can’t  be  altered  (at  least  by  ordinary  refraction),  the  wavelength  must  be 
shifted  in  direct  proportion  to  the  change  in  the  speed  of  light. 

The  change  in  wavelength  caused  by  refraction  is  rather  small  (on  the  order  of  a 
few  hundred  hertz)  and  is  dependent  on  the  original  light  wavelength  and  the  re¬ 
fractive  index  of  the  medium.  The  change  in  wavelengths  causes  a  beat  frequency — 
a  sum  and  difference.  The  sum  frequency  is  extremely  high  and  can’t  be  heard,  but 
the  difference  frequency  might  only  be  200  to  500  Hz  and  can  be  readily  detected 
with  an  ordinary  phototransistor  and  audio  amplifier. 

Optical  heterodyning  is  most  conspicuous  when  only  two  coherent  rays  of  light 
meet.  In  an  optical  fiber,  dozens  and  even  hundreds  of  rays  of  internally  reflected 
laser  light  might  meet  at  the  phototransistor,  and  the  result  can  sound  more  like  ca¬ 
cophonous  noise  than  a  distinct  tone.  A  Michelson  interferometer  (see  Chapter  9) 
reveals  optical  heterodyning  much  more  readily. 

You  might  also  notice  a  varying  tone  when  sampling  the  beam  directly  from  the 
laser.  Even  though  lasers  are  highly  monochromatic,  they  can  still  emit  several  fre¬ 
quencies  of  light,  with  each  frequency  spaced  only  fractions  of  a  nanometer  apart.  As 
these  frequencies  meet  on  the  surface  of  the  photodetector,  they  cause  heterodyn¬ 
ing  or  beat  frequencies.  When  the  difference  frequency  is  20  kHz  or  less,  you  can 
hear  them.  You  can  precisely  measure  the  difference  frequencies  using  an  oscillo¬ 
scope.  The  tones  heard  when  sampling  the  beam  directly  from  a  laser  are  most 
prominent  with  short  tubes  and  when  they  are  first  turned  on. 

Separating  beam  with  optical  bundles 

By  grouping  together  one  end  of  two  or  more  fused  bundles,  you  can  separate  the 
beam  of  a  laser  into  many  individual  sub-beams.  The  laser  light  enters  the  common 
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15-9  Hookup  diagram  for  connecting  a  pair  of  phototransistors  to  op  amp  and  audio  amplifier.  (A)  Physical 
connection  (showing  beam  expansion  into  both  fibers)  and  phototransistor  hookup;  (B)  Op  amp  and  audio 
amplifier. 
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Table  15-3.  Vibration  detection  system  parts  list 


IC1 

IC2 

R1,R3 

R2,R4 

R5,R6,R8 

R7 

C1,C2 

C3 

Q1,Q2 

J1 

Misc. 


LM741  operational  amplifier  IC 
LM386  audio  amplifier  IC 
220-kQ  resistor 
l-kf2  resistor 
10-k<3  potentiometer 
1-M£2  potentiometer 
0.01-pF  disc  capacitor 
220-jllF  electrolytic  capacitor 
Infrared  phototransistors 
Audio  output  jack  (54-  or  54-inch) 

DCV  expansion  lens  (approx.  6-  to  10-mm  diameter) 


All  resistors  are  5-  to  10-percent  tolerance,  /  watt.  All  capacitors  are  10-  to  20- 
percent  tolerance,  rated  35  volts  or  more. 


end  (where  all  the  bundles  are  tied  together) ,  and  exits  the  opposite  end  of  each  in¬ 
dividual  fiber.  Some  optical  fibers  come  premade  with  four  or  more  grouped  strands 
(used  most  often  in  automotive  dashboard  application)  or  you  can  make  your  own. 

The  pencil-thin  beam  of  the  typical  He-Ne  laser  is  too  narrow  to  enter  all  the 
fibers  at  once,  so  the  beam  must  be  expanded.  Place  a  bi-concave  or  plano-concave 
lens  in  front  of  the  entrance  to  the  bundles.  Adjust  the  distance  between  the  lens  to 
the  bundle  until  the  beam  is  spread  enough  to  enter  all  the  fibers. 

Split  bundles  can  be  used  to  experiment  with  optical  heterodyning  as  well  as  to 
split  the  beam  of  one  laser  into  several  components.  Each  beam  can  be  used  in  a  sep¬ 
arate  optical  fiber  system.  For  example,  you  must  use  a  four-fiber  split  bundle  to 
provide  illumination  for  four-fiberoptic  intrusion  detection  systems.  Each  sub-sys¬ 
tem  is  placed  in  a  quadrant  around  the  protected  area  and  has  its  own  phototransis¬ 
tor,  making  it  easier  to  locate  the  area  of  disturbance. 
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CHAPTER 

Experiments  in 
laser  seismology 

At  first  you  hear  it.  It  sounds  like  the  low  rumbling  of  a  woofer  speaker,  yet  the 
sounds  are  coming  from  nowhere  and  everywhere.  Then  the  windows  join  the 
strange  session  of  music-making  and  begin  to  rattle,  followed  by  the  eerie  creaks  of 
the  wooden  beams  in  the  house. 

Then  you  feel  it,  a  swaying  and  pumping  motion  like  a  carnival  ride  gone  hay¬ 
wire.  Within  a  few  seconds,  you  realize  it’s  not  a  large  truck  passing  outside  or  the 
heavy  thump  of  a  jet  breaking  the  sound  barrier,  but  an  earthquake. 

Earthquakes  are  among  the  most  frightening  natural  phenomenon,  feared  most 
because  of  their  stealthy  suddenness.  Even  though  geologists  and  seismologists  have 
been  measuring  earthquakes  for  decades  with  sophisticated  instruments  on  land,  in 
the  air,  and  even  in  space,  predicting  tremors  is  an  inexact  science.  The  best  seis¬ 
mologists  can  do  is  warn  that  a  “big  earthquake  is  due  soon” — expect  it  anytime  be¬ 
tween  now  and  the  next  century. 

Fortunately,  massive  earthquakes  on  land  are  rare.  Many  of  the  largest  earth¬ 
quakes  occur  out  at  sea,  and  although  they  can  cause  enormous  tidal  waves  (such  as 
the  Japanese  tsunami),  earthquakes  at  sea  seldom  topple  buildings  or  swallow  peo¬ 
ple.  Earthquakes  on  the  West  Coast  in  Southern  California  are  almost  a  dime  a 
dozen,  and  most  of  them  so  faint  that  they  cannot  be  felt. 

Earthquakes  can  happen  anywhere,  and  even  tremors  that  occur  hundreds  of 
miles  away  can  be  detected  with  the  proper  instruments.  Most  seismographs  use 
complex  and  massive  electromagnetic  sensors  to  detect  earthquakes,  both  near  and 
far,  but  you  can  readily  build  your  own  compact  seismograph  using  a  laser  and  a  coil 
of  fiberoptics. 

When  constructed  properly,  a  laser/fiberoptic  seismograph  can  be  just  as  sensi¬ 
tive  as  an  electromagnetic  seismograph  costing  several  thousand  dollars.  This  chap¬ 
ter  covers  construction  details  of  a  laser/fiberoptic  seismograph. 
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The  Richter  scale 

A  number  of  scales  are  used  to  quantify  the  magnitude  of  earthquakes.  The  best 
known  and  most  used  is  the  Richter  scale,  named  after  Charles  F.  Richter,  a  pioneer 
in  seismology  research.  The  Richter  scale  is  a  logarithmic  measuring  system  ranging 
from  1  to  10  (and  theoretically  from  10  to  100),  where  each  increase  of  1  represents 
a  10-fold  increase  in  earthquake  magnitude.  However,  the  actual  energy  released  by 
the  earth  during  the  quake  can  be  anywhere  between  30  and  60  times  for  each  in¬ 
crease  of  one  digit.  Each  numeral  is  further  broken  down  into  units  of  10,  so  earth¬ 
quakes  are  often  cited  as  4.2  or  5.6  on  the  Richter  scale. 

To  give  you  an  idea  of  how  the  Richter  scale  works  (and  why  it  can  cause  confu¬ 
sion),  consider  the  difference  between  a  3.0  and  4.0  earthquake.  Both  are  difficult  to 
detect  without  instruments  (although  some  people  say  they  can  feel  the  swaying 
motion  of  a  4.0  earthquake).  But  because  the  magnitude  is  increased  logarithmically 
by  a  factor  of  10  per  numeral  and  the  actual  energy  released  could  be  60  times  as 
great,  the  difference  between  a  3.0  and  5.0  earthquake  is  quite  large.  That  is,  the  5.0 
earthquake  is  10  x  10  (or  100)  times  more  powerful  than  the  3.0  earthquake. 

Similarly,  a  6.0  earthquake  can  cause  extensive  structural  damage  and  close 
down  buildings  for  repair;  and  an  earthquake  measuring  7.0,  if  it  continues  for  any 
length  of  time,  can  result  in  massive  destruction  of  buildings,  bridges,  and  roads.  An 
earthquake  measuring  9.0  or  10.0  would  level  any  town. 

Most  earthquakes  occur  at  a  fault,  which  is  a  crack  or  fissure  in  the  earth’s  crust. 
The  majority  of  earthquakes  occur  at  the  boundaries  of  crustal  plates.  These  plates 
slip  and  slide  over  the  earth’s  inner  surface.  Sudden  motion  in  these  plates  is  re¬ 
leased  as  an  earthquake.  Major  faults,  such  as  the  San  Andreas  in  California,  create 
many  thousand  “mini-faults” — fractures  that  spread  out  like  cracks  in  dried  mud. 
These  fractures  are  also  responsible  for  earthquakes.  In  fact,  two  recent  large  earth¬ 
quakes  in  southern  California,  occurring  in  1971  and  1987,  were  caused  by  relatively 
small  faults  lying  outside  the  San  Andreas  line. 

Though  faults  are  long — some  measure  thousands  of  miles — the  earthquake  oc¬ 
curs  at  a  specific  location  along  it.  This  location  is  the  epicenter.  The  magnitude  of 
earthquakes  is  measured  at  the  epicenter  (or  more  accurately,  at  a  standard  seismo- 
graphic  station  distance  of  100  km  or  62  miles),  where  the  amount  of  released  en¬ 
ergy  is  the  greatest.  The  shock  waves  from  the  earthquake  fan  out  and  lose  their 
energy  the  further  they  go.  Obviously,  there  can’t  be  a  seismograph  every  50  or  even 
100  miles  along  a  fault  to  measure  the  exact  amplitude  of  an  earthquake.  When  the 
epicenter  is  some  distance  from  a  seismograph,  its  magnitude  is  inferred,  based  on 
its  strength  at  several  nearby  seismograph  stations,  past  earthquake  readings,  and 
the  geological  makeup  of  the  land  in-between. 

This  accounts  for  the  uncertainty  of  the  exact  magnitude  of  an  earthquake  im¬ 
mediately  after  it  has  occurred  and  why  different  seismologists  can  arrive  at  different 
readings.  It  takes  some  careful  calculations  to  determine  an  accurate  Richter-scale 
reading  for  an  earthquake,  and  the  precise  measurement  is  sometimes  debated  for 
months  or  even  years  after  the  tremor. 
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How  electromagnetic  seismographs  work 

The  most  common  seismograph  in  use  today  is  the  electromagnetic  variety  that  uses 
a  sensing  element  not  unlike  a  dynamic  microphone.  Basically,  the  case  of  the  seis¬ 
mograph  is  a  large  and  heavy  magnet.  Inside  the  case  is  a  core,  consisting  of  a  spool 
of  fine  wire.  During  an  earthquake,  the  spool  bobs  up  and  down,  inducing  an  elec¬ 
tromagnetic  signal  through  the  wires.  A  similar  effect  occurs  in  a  dynamic  micro¬ 
phone.  Sound  vibrates  a  membrane,  which  causes  a  small  voice  coil  (spool  of  wire) 
to  vibrate.  The  voice  coil  is  surrounded  by  a  magnet,  so  the  vibrational  motion  in¬ 
duces  a  constantly  changing  alternating  current  in  the  wire.  As  the  sound  varies,  so 
does  the  polarity  and  strength  of  the  alternating  current. 

To  prevent  accidental  readings  of  surface  vibration,  the  seismograph  is  buried 
several  feet  into  the  ground  and  is  sometimes  attached  to  the  bedrock.  In  other 
cases,  it  is  encased  in  concrete  or  secured  to  a  cement  piling  sunk  deep  into  the 
ground.  Wires  lead  from  the  seismograph  to  a  reading  station,  that  might  be  directly 
above  or  several  miles  away.  Telephone  lines,  radio  links,  or  some  other  means  con¬ 
nect  the  distant  seismographs  to  a  central  office  location. 

The  signal  from  the  seismograph  is  amplified  and  applied  to  a  galvanometer  on  a 
chart  recorder  (the  galvanometer  is  similar  to  the  movement  on  a  volt-ohmmeter). 
The  galvanometer  responds  to  electrical  changes  induced  by  the  moving  core  of  the 
seismograph.  The  bigger  the  movement,  the  larger  the  response.  Attached  to  the 
galvanometer  is  a  long  needle  that  applies  ink  to  a  piece  of  paper  wound  around  a 
slowly  rotating  drum. 

An  advance  over  the  chart  recorder  is  the  computer  interface.  The  pulses  from 
the  seismograph  are  sent  to  an  analog-to-digital  converter  (ADC),  which  connects 
directly  to  a  computer.  The  ADC  transforms  the  analog  signals  generated  by  the  seis¬ 
mograph  into  digital  data  for  use  by  the  computer.  Software  running  on  the  com¬ 
puter  records  each  tremor  and  can  perform  mathematical  analysis. 

Laser/fiberoptic  seismograph  basics 

The  laser/fiberoptic  seismograph  (hereinafter  referred  to  as  the  laser/optic  seismo¬ 
graph')  doesn’t  use  the  electromagnetic  principle  to  detect  movement  in  the  earth. 
Though  there  are  several  ways  you  can  implement  a  laser/optic  seismograph,  this 
chapter  concentrates  on  just  one,  which  offers  a  great  deal  of  flexibility  and  sensi¬ 
tivity.  The  system  detects  the  change  in  coherency  through  a  length  of  fiberoptics. 

As  covered  in  Chapter  15,  “Lasers  and  Fiberoptics,”  when  a  laser  beam  is  trans¬ 
mitted  through  a  stepped-index  optical  fiber,  some  of  the  waves  arrive  at  the  oppo¬ 
site  end  before  others.  This  reduces  the  coherency  of  the  beam  in  proportion  to  the 
design  of  the  fiber,  its  length,  and  the  amount  of  curvature  or  bending  of  the  fiber. 
Given  enough  of  the  right  optical  fiber,  a  laser  beam  could  emerge  at  the  opposite 
end  that  is  totally  incoherent. 

It  is  not  our  intent  to  completely  remove  the  coherency  of  a  laser  beam,  but  just 
to  alter  it  slightly  through  a  length  of  10'  or  20'  of  fiber.  Movement  or  vibration  of  the 
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fiber  causes  a  displacement  of  the  coherency,  and  that  displacement  can  be  detected 
with  a  phototransistor.  You  can  even  hear  this  change  in  coherency  by  connecting 
the  phototransistor  to  an  audio  amplifier.  The  “hiss”  of  the  light  coming  through  the 
fiber  changes  pitch  and  makes  odd  thuds,  pings,  and  thrums  as  the  fiber  vibrates. 
The  sound  settles  as  the  fiber  stops  moving  or  vibrating.  In  a  way,  the  optical  fiber 
makes  a  unique  form  of  interferometer  that  settles  quickly  after  the  external  vibra¬ 
tions  have  been  removed. 

Reducing  local  vibrations 

The  laser/optic  seismograph  is  susceptible  to  the  effects  of  local  vibrations,  move¬ 
ment  caused  by  people  walking  or  playing  nearby,  passing  cars,  trucks,  and  trains — 
even  the  vibration  triggered  by  the  sound  of  a  jet  passing  overhead. 

To  be  most  effective,  the  seismograph  should  be  placed  in  an  area  where  it  won’t 
be  affected  by  local  vibrations.  Those  living  on  a  ranch  or  the  outskirts  of  town  will 
have  better  luck  at  finding  such  a  location  than  city  dwellers  or  those  conducting 
earthquake  experiments  in  a  school  or  other  populated  area. 

Even  if  you  can’t  move  away  from  people  and  things  that  cause  vibration,  you  can 
reduce  its  effects  by  firmly  planting  the  seismograph  in  solid  ground.  Avoid  placing  it  in¬ 
doors — especially  on  a  wooden  floor.  Most  buildings  are  flexible,  and  not  only  do  they 
readily  transmit  vibrations  from  one  location  to  the  next,  they  act  as  a  spring  and/or 
cushion  to  the  movement  of  an  earthquake,  improperly  influencing  the  readings. 

The  cement  flooring  or  foundation  of  the  building  is  only  marginally  better. 
Small  vibrations  easily  travel  through  cement,  so  if  you  attach  your  seismograph  to 
the  floor  in  your  room,  you  are  likely  to  pick  up  the  movement  of  people  walking 
around  in  the  living  room  and  kitchen. 

The  best  spot  for  a  seismograph  is  attached  to  a  big  rock  out  in  the  back  yard, 
away  from  the  house.  Lacking  a  rock,  you  can  fasten  the  seismograph  to  a  cement 
piling,  and  then  bury  some  or  all  of  the  piling  into  the  ground.  You  can  also  spread 
out  four  to  eight  cement  blocks  (about  75  cents  each  at  a  builder’s  supply  store),  and 
partially  bury  them  in  the  ground.  Fill  the  center  of  the  blocks  with  sand  and  mount 
the  seismograph  on  top.  Other  possible  spots  include  (test  first): 

•  The  base  of  a  telephone  pole. 

•  A  heavy  fence  post. 

•  A  brick  retaining  wall  or  fence. 

•  The  cement  slab  of  a  separate  garage,  workshop,  or  tool  shed. 

Constructing  the  seismograph 

Cut  a  piece  of  optical  fiber  (jacketed  or  unjacketed)  to  15'.  Polish  the  ends  as  de¬ 
scribed  in  the  last  chapter.  Using  a  small  bit  (to  match  the  diameter  of  the  fiber),  drill 
a  hole  in  the  top  of  a  phototransistor.  Be  sure  to  drill  directly  over  the  chip  inside  the 
detector,  but  do  not  pierce  through  to  the  chip.  Epoxy  the  fiber  in  place.  Alterna¬ 
tively,  you  can  terminate  the  output  end  of  the  fiber  using  a  low-cost  FLCS-type  con¬ 
nector.  You  can  also  use  a  modified  FLSC  connector  for  the  emitter  end  of  the  fiber 
(as  detailed  in  Chapter  15)  or  one  of  the  other  mounting  techniques  described. 
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Put  the  fiber  aside  and  construct  the  base  following  the  diagram  in  Fig.  16-1.  A 
parts  list  is  included  in  Table  16-1.  You  can  use  metal,  plastic,  or  wood  for  the  base, 
but  it  should  be  as  dimensionally  sturdy  as  possible.  The  prototype  used  W  thick 
acrylic  plastic.  Cut  the  base  to  size  and  drill  the  post  and  mounting  holes  as  shown. 
Insert  four  20-X-3"  bolts  in  the  inside  four  holes.  Starting  at  one  post,  thread  the 
fiber  around  the  bolts  in  a  counterclockwise  direction  (see  Fig.  16-2).  Leave  F  to  2' 
on  either  end  to  secure  the  laser  and  photodiode.  If  the  fiber  slips  off  the  bolts,  you 
can  secure  it  using  dabs  of  epoxy. 


►I 


Table  16-1.  Fiber  optic  seismograph  parts  list 


1  6-inch  square  acrylic  plastic  base  (Xe-inch  thick) 

4  3-inch  by  h-inch  20  carriage  bolt,  nuts,  washers 

1  Laser  diode  on  heatsink 

1  Sensor  board 

Misc.  15  feet  (approx.)  jacketed  or  unjacketed  fiber  optics,  connector  for  receiver  photo¬ 
diode,  connector  or  attachment  for  laser  to  fiber 


Mount  the  photodetector  and  laser  diode  (on  a  heatsink,  as  shown  in  Fig.  16-3), 
in  the  center  of  the  platform.  Alternatively,  you  can  use  a  He-Ne  laser  as  the  coher¬ 
ent  light  source.  Mount  the  laser  tube  securely  on  a  separate  platform  and  position 
the  end  of  the  optical  fiber  so  that  it  catches  the  beam. 
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Base 


Bolt 


Bolt 


16-2  How  to  wind  the  optical  fiber  around  the  bolts. 


Threading  bolts 


Optical  fiber 
wound  around 
bolts 


Base 


Sensor  and 
amplifier 


16-3  Arrangement  of  fiber,  laser  (on  heatsink)  and  sensor/amplifier  board  on  the  seismograph 
base. 


No  special  amplifier  is  required  for  the  sensor.  You  can  simply  use  an  ordinary 
audio  amplifier  for  the  job,  which  you  can  build  from  a  commercial  kit  or  purchase 
ready-made.  Connect  the  two  leads  of  the  sensor  to  the  input  of  the  amplifier. 

Notice  that  when  using  a  He-Ne  tube,  you  don’t  need  excessive  power — a  0.5-  or 
1-mW  He-Ne  is  more  than  enough.  This  simplifies  the  power  supply  requirements 
and  allows  you  to  operate  the  seismograph  for  a  day  or  two  on  each  charge  on  a  pair 
of  lead-acid  or  gelled  electrolyte  batteries. 

Test  the  seismograph  by  turning  on  the  laser  and  connecting  the  output  of  the 
amplifier  to  a  speaker  or  pair  of  headphones.  A  small  vibration  of  the  base  will  cause 
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a  noticeable  thrum  or  hiss  in  the  audio  output.  You  might  need  to  adjust  the  control 
knob  on  the  amplifier  to  turn  the  sound  up  or  down. 

The  mounting  holes  allow  you  to  attach  the  seismograph  to  almost  any  stable 
base.  Whatever  base  you  use,  it  should  be  directly  connected  to  the  earth.  Use  ce¬ 
ment  or  masonry  screws  to  attach  the  seismograph  to  concrete  or  a  concrete  pylon. 
When  you  get  tired  of  listening  to  earthquake  vibrations,  connect  the  output  of  the 
amplifier  to  a  volt-ohmmeter.  Remove  the  ac  coupling  capacitor  on  the  output  of  the 
amplifier. 


17 

CHAPTER 

Beginning  holography 


Remember  the  first  time  you  saw  a  real  hologram?  The  image  seemed  to  float  in 
space,  as  if  a  piece  of  invisible  film  hung  in  mid-air  in  front  of  you.  Moving  your  head 
back  and  forth  verified  the  image  was  more  than  two-dimensional.  You  could  actually 
see  around  the  object  to  examine  its  top,  bottom,  and  sides. 

If  experimenting  with  fiberoptics,  modulators,  and  power  supplies  is  the  techni¬ 
cal  side  of  lasers,  then  holography  is  the  artistic  side.  Armed  with  a  helium-neon 
laser,  some  assorted  optics,  and  a  pack  of  film,  you  can  create  your  own  holograms. 
Your  subjects  can  be  anything  that  is  small  enough  to  illuminate  with  the  laser  beam 
and  patient  enough  to  sit  still  for  the  exposure. 

After  development  of  the  film,  you  can  display  your  holograms  for  others  to  see 
and  appreciate.  As  you  gain  experience,  you  can  tackle  more  complex  forms  of  the 
laser  holographic  art — rainbow  holograms,  holographic  interferometry,  and  even 
motion  picture  holograms. 

This  chapter  introduces  you  to  the  art  and  science  of  making  holograms,  includ¬ 
ing  how  holograms  work  and  what  you  need  to  set  up  shop.  You’ll  learn  how  to  build 
a  holographic  table  and  create,  and  later  view,  a  transmission  hologram.  The  next 
chapter  continues  with  plans  and  procedures  for  a  more  advanced  holographic  table 
as  well,  as  how  to  create  elaborate  two-  and  three-beam  reflection  holograms. 

A  short  history  of  holography 

The  idea  of  holography  is  older  than  the  laser.  Dr.  Dennis  Gabor,  a  researcher  at  the 
Imperial  College  in  London,  conceived  and  produced  the  first  hologram  in  1948.  Be¬ 
cause  Gabor  was  of  a  scientific  bent,  he  published  his  ideas  in  a  paper  titled  “Image 
Formation  by  Reconstructed  Wavefronts,”  a  phrase  that  aptly  describes  the  technol¬ 
ogy  behind  holography.  Gabor  was  later  awarded  the  Nobel  prize  for  Physics  in  1971 
for  his  pioneering  work  in  holography. 

Dr.  Gabor’s  first  holograms  were  crude  and  difficult  to  decipher.  Compared  to 
regular  photography,  the  first  Gabor  holograms  were  scratchy  throwbacks  to  pre- 
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Civil  War  Daguerreotypes.  Part  of  the  problem  was  the  lack  of  a  sufficiently  coherent 
source  of  light.  No  matter  how  complex  the  setup,  the  images  remained  fuzzy  and  in¬ 
distinct.  The  introduction  of  visible-light  lasers  in  the  early  1960s  provided  the  final 
ingredient  required  to  make  sharp  and  clear  holograms. 

Gabor  left  much  of  the  exploration  of  holography  to  other  pioneers,  such  as 
Lloyd  Cross,  T.H.  Jeong,  Emmett  Leith,  Pam  Brazier,  Juris  Upatnieks,  Fred  Unterse- 
her,  and  Robert  Schinella.  Much  of  the  original  developments  of  laser  holography — 
first  developed  by  Leith  at  the  University  of  Michigan — had  scientific  and  even 
military  applications.  Today,  holography  is  used  in  medicine,  fluid  aerodynamics, 
stress  testing,  forensics,  and  even  art. 

In  the  1960s  and  most  of  the  1970s,  the  equipment  required  to  make  profes¬ 
sional-looking  holograms  was  beyond  the  reach  of  most  amateur  experimenters. 
Now,  however,  with  the  wide  proliferation  of  visible-light  helium-neon  lasers  and  the 
availability  of  surplus  optical  components,  it’s  possible  to  build  a  workable  hologra¬ 
phy  setup  for  less  than  a  few  hundred  dollars.  And,  that  includes  the  materials  re¬ 
quired  to  construct  a  vibration-free  isolation  table. 

If  you’re  apprehensive  of  holography  because  you  are  afraid  you  won’t  under¬ 
stand  how  it  works,  consider  that  you  don’t  need  to  know  how  the  silver  halide  crys¬ 
tals  in  photographic  emulsion  react  to  light  to  take  a  snapshot  of  your  family.  You  just 
pick  up  the  camera,  set  some  dials,  focus,  and  press  the  shutter  release. 

Although  you  are  encouraged  to  understand  how  coherent  laser  light  is  used  to 
create,  and  later  reconstruct,  a  multi-dimensional  image,  you  needn’t  have  a  college 
degree  in  physics  to  make  a  hologram.  Photographic  experience  is  also  not  required, 
though  it  comes  in  handy.  You  will  find  the  process  of  developing  holographic  films 
similar  to  processing  ordinary  black-and-white  films  and  papers.  If  you’ve  never  been 
in  a  darkroom  before,  you  might  want  to  pick  up  a  basic  book  on  the  subject  and  read 
up  on  the  various  processes  and  procedures  involved.  Obviously,  you  can’t  learn 
everything  you  need  to  know  about  holography  in  the  two  chapters  in  this  book,  and 
you  are  urged  to  expand  your  knowledge  by  further  reading.  A  partial  list  of  titles  on 
holography  is  in  Appendix  B. 

What  a  hologram  is — and  isn't 

Many  people  hold  misconceptions  about  the  nature  of  holograms.  A  hologram  is  a  pho¬ 
tographic  plate  that  contains  interference  patterns  that  represent  the  light  waves  from 
a  reference  source,  as  well  as  from  the  photographed  object  itself.  The  patterns,  like 
those  in  Fig.  17-1,  contain  information  about  the  intensity  of  the  light  Gust  as  in  regu¬ 
lar  photography),  as  well  as  its  instantaneous  phase  and  direction.  These  elements  to¬ 
gether  make  possible  the  three-dimensional  reproduction  of  the  hologram. 

The  interference  patterns  constitute  a  series  of  diffraction  gratings,  and  form 
what  is,  in  effect,  an  extremely  sophisticated  lens.  The  orientation  of  the  gratings, 
along  with  their  width  and  size,  determine  how  the  image  is  reconstructed  when 
viewed  in  light.  In  most  types  of  holograms,  the  image  becomes  clear  only  when 
viewed  with  the  same  wavelength  of  coherent  light  used  to  expose  the  film. 

Not  all  holograms  are  the  same.  As  you’ll  see  later  in  this  chapter  and  in  the  next 
chapter,  there  are  two  general  forms  of  holograms:  transmission  and  reflection.  The 
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17-1  A  thumbprint?  No,  it’s  a  close-up  of  the  interference  fringes  of  a  hologram,  captured  on 
high-resolution  film. 


terminology  refers  to  how  the  hologram  is  viewed,  not  exposed.  The  typical  trans¬ 
mission  hologram  needs  a  laser  for  image  reconstruction.  The  reflection  hologram, 
although  made  with  a  laser,  can  be  viewed  under  ordinary  light. 

The  hologram  stores  an  almost  unlimited  number  of  views  of  a  three-dimen¬ 
sional  object.  Put  another  way,  specific  areas  on  the  surface  of  the  film  contain  dif¬ 
ferent  three-dimensional  views  of  the  object.  You  see  these  views  by  moving  your 
head  up  and  down  or  right  and  left.  This  effect  is  most  readily  demonstrated  by  cut¬ 
ting  a  hologram  into  small  pieces  (or  simply  covering  portions  of  it  with  a  piece  of 
cardboard).  Each  piece  contains  the  entire  image  of  the  photographed  object,  but  at 
a  slightly  different  angle.  As  you  make  your  own  holograms,  you  get  a  clearer  view  of 
how  the  image  actually  occupies  a  three-dimensional  space. 

Some  other  types  of  images  impart  a  sense  of  multi-dimensional  imagery,  but 
they  are  not  true  holograms.  The  coin-in-the-bowl  scientific  novelty,  popular  in  mail¬ 
order  catalogs,  uses  concave  lenses  to  project  an  image  of  a  coin  into  your  eyes.  The 
image  appears  closer  than  it  is  and  when  you  reach  out  for  it,  it’s  not  there.  Another 
example:  The  famous  shots  of  Princess  Leia  projecting  out  of  the  R2-D2  robot  in  the 
movie  Star  Wars  was  created  with  the  aid  of  photographic  trickery. 

What  you  need 

You  need  relatively  few  materials  to  make  a  hologram: 

•  Stable  isolation  table  (often  nothing  more  than  a  sandbox  on  cement  pillars) 

•  Laser — a  1-mW,  632.8-rim  helium-neon  is  perfectly  suited  for  holography, 
though  other  visible-light  lasers  will  do  as  well;  it  must  operate  in  TEM0o 
mode. 

•  Beam  expander  lens 

•  Film  holder 

•  Film  and  darkroom  chemicals 

•  Object  to  holograph 

Other  materials  are  needed  for  more  advanced  holographic  setups,  but  this  is  the 
basic  equipment  list.  These  and  other  materials  are  detailed  throughout  this  chapter. 
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The  isolation  table 

If  you  built  the  Michelson  interferometer  described  in  Chapter  9,  you  know  how  sen¬ 
sitive  it  is  to  vibration.  The  circular  fringes  that  appear  on  the  frosted  glass  shake  and 
can  even  disappear  if  the  interferometer  is  bumped  or  nudged.  Depending  on  the 
table  or  workbench  you  use,  vibrations  from  people  walking  nearby  or  even  passing 
cars  and  trucks  can  cause  the  fringes  to  bob. 

Because  the  interference  fringes  create  the  holographic  image  in  the  first  place, 
you  can  understand  why  the  table  you  use  to  snap  the  picture  must  be  carefully  iso¬ 
lated  from  external  vibrations.  If  the  laser  setup  moves  at  all  during  the  exposure — 
even  a  few  millionths  of  an  inch — the  hologram  is  ruined.  Optical  tables  for  scientific 
research  cost  in  excess  of  $15,000  and  weigh  more  than  your  car.  But  they  do  a  good 
job  at  damping  vibrations  in  the  lab  and  preventing  them  from  reaching  the  laser  and 
optical  components. 

Obviously,  a  professional-grade  optical  table  is  out  of  the  question,  but  you  can 
build  your  own  with  common  yard  materials.  Your  own  isolation  table  uses  sand  as 
the  heavy  damping  material.  The  sand  is  dumped  in  a  box  that  is  perched  on  cement 
blocks.  The  homemade  sandbox  table  is  not  as  efficient  as  a  commercially  made  iso¬ 
lation  table,  but  it  comes  close.  Add  to  your  sand  table  a  reasonably  vibration-free 
area  (California  during  an  earthquake  is  out!)  and  you  are  on  your  way  to  making 
clear  holograms. 

Selecting  the  right  size 

The  size  of  the  table  dictates  the  type  of  setups  you  can  design  as  well  as  the  maxi¬ 
mum  dimensions  of  the  holographed  object.  The  ideal  isolation  table  measures  4'-x- 
8'  or  larger,  but  a  more  compact  2'-x-2'  version  can  suffice  for  beginners.  You  will  be 
limited  to  fairly  simple  optical  arrangements  and  shooting  objects  smaller  than  a  few 
inches  square,  but  the  table  will  be  reasonably  portable  and  won’t  take  up  half  your 
garage. 

The  design  for  the  sand  table  is  shown  in  Fig.  17-2.  The  table  consists  of  four 
concrete  blocks  (the  kind  used  for  outside  retaining  walls),  a  2'-x-2'  sheet  of  %"  ply¬ 
wood,  some  carpeting,  four  small  pneumatic  inner  tubes,  and  an  8"-deep  box  filled 
with  sand.  You  can  build  this  table  using  larger  dimensions  (such  as  4'-x-4'  or  4'-x- 
8'),  but  it  requires  considerably  more  sand.  You  can  figure  about  one  75-  or  100- 
pound  bag  of  fine  sand  for  each  square  foot  of  table  area. 

Building  the  table 

First,  build  the  box  using  the  materials  indicated  in  Table  17-1.  Use  heavy-duty  con¬ 
struction — heavy  screws,  wood  glue,  and  battens.  Make  the  box  as  sturdy  as  possi¬ 
ble — strong  enough  for  an  adult  to  sit  or  stand  on.  Next,  lay  out  the  blocks  in  a 
2'-square  area,  inside  the  house  or  shop.  You’ll  need  a  fairly  light-tight  room  to  work 
in,  so  a  garage  with  all  the  cracks,  and  vents,  and  windows  covered  up  is  a  good  area. 
In  addition,  be  sure  that  the  room  is  not  drafty.  Air  movement  is  enough  to  upset  the 
fringes.  You  need  a  solid,  level  floor,  or  the  sand  table  might  rock  back  and  forth. 
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Sandbox 


Inner  tube 
(1  of  4) 


2-by-2  foot  3/4" 
plywood 


Carpeting 
(2  of  4) 


Cement  block 
(2  of  4) 


17-2  Design  of  the  2-by-2  foot  sand  table.  (A)  Blocks,  carpet,  plywood  base,  inner  tubes,  and  sandbox,  and 
how  they  go  together.  (B)  Construction  details  of  the  sandbox.  Use  %-inch  plywood  for  the  sandbox. 
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Table  17-1.  Small  sand  table  parts  lists 


Base  and  Pedestal 
4  Cement  building  blocks 

4  8-inch  square  pieces  of  carpet 

1  2-foot  square  piece  of  carpeting 

4  10-  to  14-inch  inner  tubes 

1  2-by-2  foot  sheet  %-inch  thick  plywood 

Sand  Box 

1  2-by-2  foot  sheet  %-inch  thick  plywood 

2  8-  by  25.5-inch  %-inch  thick  plywood 

2  8-  by  24-inch  %-inch  thick  plywood 

4  75-  or  100-pound  bags  of  washed,  sterilized,  and  filtered  sand 


Place  the  2'-x-2'  sheet  of  plywood  over  the  blocks,  then  cover  the  plywood  with 
one  or  two  layers  of  soft  carpeting  (plush  or  shag  works  well) .  Partially  inflate  the 
four  inner  tubes  (to  about  50  to  60%)  and  place  them  on  the  carpet.  Don’t  overin¬ 
flate  the  tubes  or  fill  them  with  liquid.  If  possible,  position  the  valves  so  that  you  can 
reach  them  easily  to  refill  the  inner  tubes.  You  might  need  to  jack  up  the  sand  box  to 
access  the  valves,  but  if  the  tubes  are  good  to  begin  with,  you  won’t  need  to  perform 
this  duty  often. 

Carefully  position  the  box  over  the  inner  tube.  Don’t  worry  about  stability  at  this 
point:  the  table  will  settle  down  when  you  add  the  sand.  Be  sure  to  evenly  distribute 
the  sand  inside  the  box  as  you  pour  out  the  contents  of  each  bag.  There  should  be  lit¬ 
tle  dust  if  you  use  high-quality,  pre-washed  and  sterilized  play  sand.  Fill  the  box  with 
as  much  sand  as  you  can,  but  avoid  overfilling  (so  that  the  sand  spills  over  the  edges). 

Testing  the  table 

You  can  test  the  effectiveness  of  the  sand  table  by  building  a  makeshift  Michelson  in¬ 
terferometer,  as  shown  in  Fig.  17-3.  The  optical  components  are  mounted  on  PVC 
pipe,  as  described  more  fully  in  Chapter  7,  “Constructing  an  Optical  Bench.”  You  can 
place  the  laser  inside  the  box,  on  the  top  of  the  sand,  or  locate  it  off  the  table.  As  long 
as  the  beam  remains  fairly  steady,  any  slight  vibration  of  the  laser  will  not  affect  the 
formation  of  the  interference  fringes  necessary  for  successful  holography. 

Once  you  have  the  optics  aligned  and  the  laser  on,  wait  for  the  table  to  settle  (5 
to  15  minutes),  then  look  at  the  frosted  glass.  You  should  see  a  series  of  circular 
fringes.  If  the  fringes  don’t  appear,  wait  a  little  longer  for  the  table  to  settle  some 
more.  Should  the  fringes  still  not  materialize,  doublecheck  the  arrangement  of  the 
laser  and  optics.  The  paths  of  the  two  beams  must  meet  exactly  at  the  frosted  glass, 
and  their  propagation  must  be  parallel — vertically  as  well  as  horizontally. 

Determining  settling  times 

Test  the  isolation  capabilities  of  the  table  by  moving  around  the  room  and  watching 
the  fringes  (you  might  need  someone  to  stand  by  the  glass  and  closely  watch  the 
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17-3  Optics  arranged  as  a  Michelson  interferometer  for  testing  the  stability  of  the  table. 


fringes).  The  fringes  shouldn’t  move  at  all,  but  if  they  do,  it  should  be  slight.  More  en¬ 
ergetic  movement,  such  as  bouncing  up  and  down  or  shaking  the  walls,  will  greatly 
affect  the  formation  of  the  fringes. 

Watch  particularly  for  the  effects  of  vibrations  that  you  can’t  control,  such  as 
other  people  walking  around  or  cars  passing  by.  Adequate  isolation  might  require  a 
more  advanced  table  (such  as  the  one  detailed  in  the  next  chapter),  more  sand,  or  a 
change  in  location.  You  might  also  want  to  wait  until  after  typical  business  hours, 
where  activity  of  both  people  and  automobiles  is  reduced.  Keep  in  mind  that  you  wall 
have  better  luck  when  the  sand  table  is  located  on  a  ground  floor  and  on  heavy  wood 
or  cement. 

Notice  the  time  it  takes  for  the  table  to  settle  each  time  you  change  the  optics  or 
disturb  the  sand.  You  will  need  to  wait  for  at  least  this  amount  of  time  before  you  can 
make  a  holographic  exposure.  Also  notice  how  long  it  takes  for  the  table  to  recover 
from  small  shocks  and  disturbances;  recovery  time  for  most  tables  should  be  a  mat¬ 
ter  of  seconds. 

The  darkroom 

Part  of  holography  takes  place  in  the  darkroom,  where  the  film  is  processed  after  ex¬ 
posure.  Although  it’s  most  convenient  to  place  the  isolation  table  and  processing  ma¬ 
terials  in  the  same  room,  they  can  be  separate.  As  with  the  isolation  table,  the 
darkroom  must  be  reasonably  light-tight.  It,  should  have  a  source  of  running  wTat,er  to 
rinse  processed  film  and  a  drain  to  wash  away  unwanted  chemicals.  A  bathroom  is 
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ideal,  as  long  as  you  have  room  to  move  and  can  work  uninterrupted  for  periods  up 
to  15  to  20  minutes. 

If  the  bathroom  has  windows,  cover  them  with  opaque  black  fabric  or  painted  card¬ 
board.  If  you  plan  on  making  many  holograms,  arrange  some  sort  of  easily  installed  cur¬ 
tain  system.  Drape  some  material  over  the  mirror  and  other  shiny  objects,  like  metal 
towel  racks  and  fixtures.  You'll  need  access  to  the  sink  and  faucet,  so  leave  these  clear. 

Only  two  chemicals  are  needed  for  basic  holography  (advanced  holographers 
use  many  more  chemicals,  as  detailed  in  the  next  chapter).  You  need  to  set  out  two 
shallow  plastic  bowls  or  trays  large  enough  to  accommodate  the  film.  If  space  is  a 
premium  inside  your  bathroom,  place  a  wooden  rack  over  the  tub  and  set  the  trays 
on  it.  The  bathtub  makes  a  good  location  for  the  trays  because  the  processing  chem¬ 
icals  might  stain  clothing,  walls,  floors,  and  other  porous  materials.  If  any  drips  into 
the  tub,  you  can  promptly  wash  it  away. 

Optics,  film,  film  holders,  and  chemicals 

Here’s  a  run-down  of  the  basic  materials  you  need  to  complete  your  holographic  setup. 

Optics 

Basic  holography  requires  the  use  of  a  plano-concave  or  double-concave  lens  and 
one  or  more  front-surface  mirrors.  The  lens  can  be  small — on  the  order  of  4  to 
10  mm  in  diameter.  Focal  length  is  not  a  major  consideration,  but  it  should  be  fairly 
short.  Mount  the  lens  in  1"  or  1  /"  PVC  pipe,  painted  black,  as  detailed  in  Chapter  7. 

The  purpose  of  the  lens  is  to  expand  the  pencil-thin  beam  of  the  laser  into  an 
area  large  enough  to  completely  illuminate  the  object  being  photographed.  The  area 
of  the  beam  is  expanded  proportionately  to  the  distance  between  the  lens  and  ob¬ 
ject,  and  the  basic  2'-x-2'  table  doesn’t  allow  much  room  for  extreme  beam  expan¬ 
sion.  If  the  beam  is  not  adequately  expanded,  use  a  lens  with  a  shorter  focal  length, 
or  position  two  negative  lenses  together,  as  shown  in  Fig.  17-4. 


17-4  How  to  obtain  maximum  beam  spread  by  using  two  bi-concave  lenses. 
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The  direct  one-beam  transmission  hologram  setup  that  follows  does  not  require  the 
use  of  mirrors  or  beam  splitters,  but  multiple-beam  arrangements  do.  The  size  of  the 
mirror  depends  on  the  amount  of  beam  spread  and  the  size  of  the  object,  but  in  general, 
you  need  one  or  more  mirrors  that  measure  2"  x  3"  or  larger.  Some  setups  also  require 
beam  steering  or  transfer  mirrors.  These  are  used  before  the  beam  has  been  expanded, 
so  they  can  be  small.  See  Chapter  7  for  ideas  on  how  to  mount  mirrors  and  other  optics. 

Holographic  film 

Holography  requires  a  special  ultra-high  resolution  film  emulsion  that  is  most  sensi¬ 
tive  to  the  wavelength  of  the  laser  you  are  using.  Kodak  Type  120  and  SO-173  or  Agfa- 
Gevaert  Holotest  8E75  and  10E75,  for  example,  are  made  for  632.8-nm  helium-neon 
lasers  and  are  most  sensitive  to  red  light  (a  relatively  insensitive  wavelength  for  or- 
thochromatic  film).  You  can  handle  and  develop  this  film  using  a  dim  (7-watt  or  less) 
green  safelight — a  small  green  bug  light  works  well  as  long  as  it  is  placed  5'  or  more 
from  the  sand  table  and  film-handling  areas.  Holographic  film  comes  in  various  sizes 
and  base  thicknesses.  Film  measuring  214"  square  to  4"  x  5"  is  ideal  for  holography. 

Holographic  films  are  available  with  and  without  antihalation  backing.  This  back¬ 
ing  material,  which  comes  off  during  processing,  prevents  halos  during  exposure. 
The  backing  is  semi-opaque,  which  prevents  light  from  passing  through  it.  Trans¬ 
mission  holograms  are  made  with  the  laser  light  striking  the  emulsion  surface,  so  you 
can  use  a  film  with  antihalation  backing.  Reflective  holograms  are  made  with  light 
passing  through  the  film  and  striking  the  emulsion  on  the  other  side.  Unless  you  are 
eager  to  make  exposures  lasting  several  minutes  or  more,  you’ll  want  a  film  without 
the  antihalation  backing  when  experimenting  with  reflection  holography. 

When  buying  or  ordering  film,  be  sure  to  note  whether  the  stuff  you  want  comes 
with  antihalation  backing.  If  you  want  to  try  both  basic  forms  of  holography  (trans¬ 
mission  and  reflection)  but  don’t  want  to  spend  the  money  for  both  kinds  of  films,  use 
stock  without  the  backing.  Notice  that  this  film  does  not  make  the  best  transmission 
holograms,  but  the  results  are  more  than  adequate.  Be  sure  to  place  a  black  matte 
card  (available  at  art  supply  stores)  in  back  of  the  film  when  making  the  exposure. 
This  prevents  light  from  entering  the  film  through  the  back  and  fogging  the  emulsion. 

Another  alternative  is  to  use  glass  plates  for  your  first  holograms.  These  consist 
of  a  photographic  emulsion  sprayed  onto  a  piece  of  optically  clear  glass.  The  benefit 
of  the  glass  is  that  it  is  easier  to  handle  for  beginners  and  is  not  as  susceptible  to 
buckling  and  movement  during  the  exposure. 

Where  do  you  get  holographic  film?  Good  question.  Start  by  opening  the  Yellow 
Pages  and  looking  under  the  “Photographic”  heading.  Call  the  various  camera  stores 
and  ask  if  they  carry  it  or  can  special-order  it  for  you.  But  in  the  interest  of  saving  you 
the  disappointment,  be  aware  that  the  personnel  at  most  camera  stores  are  not  even 
aware  of  such  a  thing  as  holographic  film.  You  will  probably  have  better  luck  calling 
those  outlets  that  specialize  in  professional  photography  or  darkroom  supplies. 

You  might  also  happen  to  live  in  an  area  close  to  a  Kodak  or  Agfa-Gevaert  field 
office.  Call  and  ask  for  help.  A  few  companies,  offer  film  suitable  for  holography; 
check  Appendix  A  for  the  address.  Lastly,  write  directly  to  the  film  manufacturers 
and  ask  for  a  list  of  local  dealers  that  handle  the  materials  you  need.  You  might  even 
be  able  to  order  holographic  film  through  the  mail. 
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Film  holder 

You  will  need  some  means  to  hold  the  film  in  place  during  the  exposure.  One  method 
is  to  sandwich  the  film  between  two  pieces  of  glass  held  together  by  two  heavy 
spring  clips,  as  shown  in  Fig.  17-5.  The  glass  must  be  spotlessly  clean.  The  disad¬ 
vantage  of  this  method  is  that  the  contact  of  the  glass  and  film  can  create  what’s 
known  as  Newton’s  Rings ,  a  form  of  interference  patterns. 


17-5  A  homemade  film  pressure  plate,  consisting  of  two  pieces  of  optically  clear  glass 
and  two  binder  clips.  The  film  is  inserted  between  the  glass  and  pressed  tightly  together 
to  eliminate  air  bubbles. 


If  you  plan  to  use  a  glass-plate  film  holder,  remember  to  press  the  plates  to¬ 
gether  firmly  and  keep  constant  pressure  for  10  to  20  seconds  (use  wooden  blocks 
for  even  pressure).  This  removes  all  air  bubbles  trapped  between  the  glass  and  film. 
Snap  the  binder  clips  around  the  glass  and  position  the  holder  in  front  of  the  object. 
The  handles  of  the  clips  can  be  secured  to  the  table  by  butting  them  against  two 
pieces  of  PVC  pipe.  Depending  on  the  arrangement  of  the  optics,  you  might  be  able 
to  locate  the  film  holder  between  the  PVC  pipes  that  contain  the  expansion  lenses. 

Yet  another  approach  is  to  use  a  commercially  made  film  holder,  the  kind  de¬ 
signed  for  processing  plate  film.  The  holders  come  in  a  variety  of  sizes  and  use  novel 
approaches  to  loading  and  holding  the  film.  Most  any  camera  store  that  carries  pro¬ 
fessional  darkroom  supplies  has  a  variety  of  film  holders  to  choose  from.  You  can  also 
make  your  own  following  the  diagram  in  Fig.  17-6.  Construct  the  holder  to  accom¬ 
modate  the  size  of  film  you  are  using.  You  might  need  to  make  several  holders  if  you 
use  different  sizes  of  film. 

To  use  any  of  the  holders,  load  the  film  (in  complete  darkness  or  under  the  dim 
illumination  of  a  small  green  safelight)  into  the  holder,  and  stick  the  holder  in  the 
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(of  film  channel) 


17-6  Construction  details  for  a  homemade  wooden  film  holder.  The  holder  shown  is  made  for  2%-by-2 14  film. 

proper  location  in  the  sand.  If  the  holder  does  not  allow  easy  mounting  in  the  sand, 
attach  it  to  small  wood  or  plastic  pieces,  as  illustrated  in  Fig.  17-7. 

Processing  chemicals 

You  can  use  ordinary  film  developer  to  process  most  holographic  film  emulsions.  A 
good  choice  is  Kodak  D-19,  available  in  powder  form  at  some  photographic  shops.  If 
D-19  is  not  available,  you  may  use  most  any  other  high-resolution  film  developer. 
Agfa,  Nacco,  and  Kodak  make  a  variety  of  high-quality  powder  and  liquid  developers 
that  you  can  use. 

Both  transmission  and  reflection  holograms  require  bleaching  as  one  of  the  pro¬ 
cessing  steps.  If  you  can’t  buy  pre-made  bleach  specifically  designed  for  holography, 
you  can  mix  your  own  with  the  following  directions.  Notice  that  transmission  and  re¬ 
flection  holograms  need  different  bleach  formulas.  Chemicals  for  making  the  bleach 
are  available  at  many  of  the  larger  industry  photographic  outlets.  If  you  can’t  find 
what  you  want,  dial  up  a  chemical  supply  house  and  see  if  you  can  buy  what  you 
need  in  small  quantities. 

The  remaining,  optional  chemicals  are  available  at  most  camera  stores.  These  in¬ 
clude  acetic  acid  stop  bath,  fixer  (with  or  without  hardener),  photoflo,  and  hypo  clear. 

Single-beam  transmission  setup 

The  layout  in  Fig.  17-8  shows  how  to  arrange  the  laser,  lens,  photographic  object,  and 
film  plate  for  a  direct,  one-beam  transmission  hologram.  A  parts  list  is  provided  in  Table 
17-2.  Notice  that  the  term  “transmission”  has  nothing  to  do  with  the  arrangement  of  the 
film,  optics,  or  object  for  making  the  hologram,  but  rather  the  method  of  viewing  the  im- 
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17-7  You  can  raise  the  distance  between  film  and  sand  by  mounting  the  holder  on  a 
piece  of  PVC  pipe. 


17-8  The  basic  arrangement  for  making  a  single-beam  transmission  hologram. 


Table  17-2. 

Single  beam  transmission 
hologram  setup  parts  list 


1  He-Ne  laser 

1  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 

1  Object 
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age  after  it  is  processed.  You  look  through  transmission  holograms  to  see  an  image;  you 
shine  light  off  the  emulsion  side  of  a  reflection  hologram  to  see  the  picture. 

You  can  use  almost  anything  as  the  object,  but  for  your  first  attempt,  choose 
something  small  (about  the  size  of  a  pack  of  cigarettes  or  less),  with  a  smooth,  but 
not  highly  reflective  surface.  A  pair  of  dice,  a  coffee  mug,  a  chess  piece,  a  small  elec¬ 
tronic  circuit  board,  or  an  electronic  component  make  good  subjects.  Things  to  avoid 
include  silverware,  highly  reflective  jewelry,  the  family  TV  set,  and  your  cat.  These 
and  other  reflective,  large,  and/or  animate  objects  can  be  subjects  for  holograms,  but 
only  after  you  gain  experience. 

Making  the  exposure 

After  you  arrange  the  laser  and  optics,  turn  the  laser  on.  The  distance  between  the 
lens  and  object/film  should  be  1.5'  to  2'.  Be  sure  that  the  beam  covers  the  object  and 
the  film,  as  shown  in  the  figure.  Now  block  the  beam  with  a  black  “shutter”  card. 

Turn  off  all  the  lights  and  switch  on  the  safelight.  The  safelight  should  emit  only 
a  tinge  of  illumination,  hardly  enough  for  you  to  see  your  hand  out  in  front  of  you. 
The  idea  is  to  help  you  see  your  way  in  the  dark,  not  provide  daylight  illumination. 
You  can  test  for  excessive  safelight  illumination  by  placing  a  piece  of  film  on  the  sand 
table  for  5  minutes  with  half  of  it  covered  with  a  piece  of  black  cardboard.  Process 
the  film  and  look  for  a  darkening  on  the  uncovered  side.  A  dark  portion  means  that 
the  film  was  fogged  by  the  safelight. 

Load  the  film  into  the  holder,  emulsion  side  toward  the  laser,  and  place  the 
holder  at  a  45°  angle  to  the  laser  beam  (you  can  find  the  emulsion  side  by  wetting  a 
corner  of  the  film;  the  emulsion  side  becomes  sticky).  The  film  should  be  close  to  the 
object  but  not  touching  it.  Wait  10  minutes  or  so  for  the  table  to  settle,  then  quickly 
(but  carefully)  remove  the  card  covering  the  laser.  After  the  exposure  is  complete, 
replace  the  card.  Do  not  control  the  exposure  by  turning  the  laser  on  and  off.  The 
coherency  of  lasers  improves  after  they  have  warmed  up.  For  best  results,  allow  the 
laser  to  warm  up  for  20  to  30  minutes  before  making  any  holographic  exposure. 

Exposure  times  depend  on  the  power  output  of  the  laser.  As  a  rule,  allow  3  to  4 
seconds  for  a  1-mW  laser  and  1  to  2  seconds  for  a  3-mW  laser.  You  might  want  to 
make  a  test  exposure  using  the  technique  shown  in  Fig.  17-9.  Place  a  card  in  front  of 
the  film  and  make  a  1 -second  exposure.  Move  the  card  so  that  it  exposes  a  little  more 
of  the  film  and  make  another  1 -second  exposure.  Repeat  the  process  four  to  six 
times  until  you  have  a  series  of  strips  on  the  film.  Each  strip  along  the  length  of  the 
film  denotes  an  increase  in  exposure  of  1  second. 

Develop  the  test  strip  film  with  the  following  steps,  then  choose  the  exposure 
used  for  the  best-looking  strip.  In  the  average  transmission  hologram,  the  film  should 
be  dark  gray  with  distinct  fringe  patterning.  When  viewed  with  laser  light,  underex¬ 
posure  causes  the  film  to  be  excessively  light  and  lack  contrast.  Overexposure  makes 
the  image  dark — hard  (if  not  impossible)  to  see. 

Processing  steps 

Once  the  hologram  is  exposed,  place  it  in  a  light-tight  container  or  box.  Mix  the  pro¬ 
cessing  chemicals  (if  you  haven’t  already)  as  follows: 

•  D-19  developer  Full  strength  as  detailed  in  the  instructions  printed  on  the 
package  (when  using  another  developer,  mix  according  to  instructions  to 
obtain  the  highest  resolution). 
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•  Bleach  One  tablespoon  of  potassium  ferrocyanide  mixed  with  one 
tablespoon  of  potassium  bromide  in  16  ounces  of  water.  Alternatively,  you 
can  dissolve  5  grams  of  potassium  dichromate  in  1  liter  of  water.  Then  add 
20  ml  of  diluted  (10%)  sulfuric  acid. 


^ - Processed  film 


4  4 

Darkest  exposure  Lightest  exposure 

17-9  The  results  of  a  sample  test  strip,  with  increasingly  dark  stripes  of  gray 
across  the  film.  Choose  the  exposure  (and  development  time)  that  yields  the 
proper  density,  as  noted  in  the  text. 

Use  water  at  room  temperature  (68  to  76°  F),  and  be  sure  the  temperature  is 
roughly  the  same  between  each  chemical  bath.  High  temperatures  or  wide  variations 
in  temperature  can  soften  the  film  and  introduce  reticulation — two  side  effects  you 
want  to  avoid.  Place  the  developer  and  bleach  in  large  plastic  bowls  or  processing 
trays  (available  at  photo  stores).  The  chemicals  have  a  finite  shelf  life  of  a  few 
months  when  stored  in  stoppered  plastic  bottles.  Use  small  or  collapsible  bottles  to 
minimize  the  air  content,  and  store  the  bottles  in  a  cool  place  away  from  sunlight. 

In  the  dark  or  with  a  green  safelight,  remove  the  film  from  the  light-tight  box  and 
place  it  in  the  developer.  Use  plastic  tongs  to  handle  the  film  (avoid  using  metallic 
implements  and  your  fingers).  Swish  the  film  in  the  developer  and  knock  the  tongs 
against  the  side  of  the  tray  or  bowl  to  dislodge  any  air  bubbles  under  or  on  the  film. 
Maintain  a  slow  and  even  agitation  of  the  film.  After  about  2  to  5  minutes,  the  image 
on  the  film  will  appear  and  development  is  complete. 

If  you  have  a  safelight,  you  can  see  the  image  appear  and  can  better  judge  when 
the  development  is  complete.  As  a  rule,  when  held  up  to  a  safelight,  a  properly  ex¬ 
posed  and  developed  transmission  hologram  allows  about  70  to  80%  of  the  light  to 
pass  through  it  (reflective  holograms  pass  about  20  to  30%  of  the  light). 

After  development,  rinse  the  film  in  running  water  or  in  a  tray  filled  with  clean 
water.  You  can  also  use  an  acetic  stop  bath,  mixed  according  to  directions.  The  stop 
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bath  more  completely  removes  traces  of  developer  and  helps  prolong  the  life  of  the 
bleach  used  in  the  next  step. 

After  15  seconds  or  so  of  rinsing,  place  the  film  in  the  bleach.  Keep  it  there  for  2 
to  3  minutes.  After  a  minute  or  two  of  bleaching,  you  can  turn  on  the  lights.  Follow 
bleaching  with  another  rinse.  Use  lots  of  water  and  keep  the  film  in  the  wash  for  5  to 
10  minutes.  A  cyclonic  rinser,  used  in  many  professional  darkrooms,  does  a  good  job 
of  removing  all  the  processing  chemicals. 

The  hologram  is  almost  ready  for  viewing.  Before  drying  it,  dip  the  film  in  Kodak 
Photoflo  solution — a  capful  in  a  pint  of  water  is  sufficient.  The  Photoflo  reduces  the 
surface  tension  of  the  water  and  helps  promote  even  drying  without  spotting.  It  also 
removes  minerals  left  from  the  water  bath.  You  can  also  use  a  squeegee  to  remove 
excess  liquid.  Darkroom  squeegees  cost  $5  to  $10  and  are  good  for  the  purpose,  or  a 
new  car  windshield  wiper  blade  costs  $2  and  is  just  as  good. 

Use  clothespins  or  real  honest-to-goodness  film  clips  to  hang  up  the  film  to  dry. 
Place  the  film  in  a  dust-free  area.  A  specially  made  drying  cabinet  is  the  best  place, 
but  the  shower  or  bathtub  is  another  good  choice. 

Wait  until  the  film  has  completely  dried  before  trying  to  view  it  (the  fringes 
might  not  be  clear  until  drying  is  complete).  Depending  on  the  temperature,  humid¬ 
ity,  and  other  conditions,  it  takes  30  to  120  minutes  for  the  film  to  dry  completely. 
Glass  plate  film  dries  more  quickly.  Notice  that  when  wet,  photographic  emulsion  be¬ 
comes  soft  and  scratches  easily.  Be  sure  to  handle  the  film  with  care  and  avoid 
touching  it  (with  hands  or  tongs),  except  by  the  edges. 

Let’s  recap  the  processing  steps: 

•  Develop  for  2  to  5  minutes. 

•  Rinse  for  15  seconds  (water  or  stop  bath). 

•  Bleach  for  2  to  3  minutes. 

•  Rinse  for  5  to  10  minutes  in  constantly  running  water. 

•  Dip  in  Photoflo  for  15  seconds  (optional  step). 

•  Squeegee  to  remove  excess  liquid  (don’t  scratch  the  emulsion!). 

•  Let  dry  at  least  30  minutes. 

Viewing  the  hologram 

Part  of  the  fun  of  holography  is  making  the  picture;  the  rest  is  seeing  the  result  with 
your  own  eyes.  If  you  haven’t  disturbed  the  setup  used  to  take  the  picture,  simply  re¬ 
place  the  film  in  the  film  holder.  The  emulsion  should  face  the  laser.  View  the  image 
by  looking  through  the  film.  The  image  might  not  be  noticeable  unless  you  move 
your  head  from  side  to  side  or  up  and  down. 

Notice  that  if  you  have  dismantled  the  sand  box  setup,  you  must  replace  the 
laser,  optics,  and  film  holder  in  the  same  arrangement  to  reconstitute  the  image.  The 
simple  layout  used  in  the  single-beam  direct  transmission  exposure  makes  it  rela¬ 
tively  easy  to  reconstitute  the  image. 

Problems 

Having  problems?  The  image  in  the  hologram  isn’t  clear  or  the  exposure  just  isn’t 
right?  Most  difficulties  in  image  quality  are  caused  by  motion.  The  fringes  must  re¬ 
main  absolutely  still  during  the  exposure  or  the  hologram  could  be  ruined.  Consider 
that  a  more  powerful  laser  decreases  the  exposure  time,  reducing  the  problems  of  vi- 
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bration.  For  example,  a  5-  to  8-raW  laser  might  require  an  exposure  of  only  0.5  to  1 
second.  If  at  all  possible,  use  the  most  powerful  laser  you  can  get  your  hands  on,  but 
don’t  give  up  on  holography  if  all  you  own  is  a  tiny  0.5-mW  tube. 

Like  regular  photography,  it  takes  time,  patience,  and  practice  to  make  really 
good  holograms.  Don’t  expect  to  make  a  perfect  exposure  the  first  time  around. 
Odds  are  that  the  exposure  will  be  too  short  and  the  development  too  long,  or  vice 
versa.  If  your  first  attempt  doesn’t  come  out  the  way  you  want  it  (or  doesn’t  come 
out  at  all!),  analyze  what  went  wrong  and  try  again. 

Check  the  layout  and  be  sure  that  the  film  is  inserted  in  the  holder  with  the 
emulsion  side  out  (that  is,  toward  the  laser).  If  you  use  a  film  with  an  AH  backing 
(recommended  for  transmission  holograms),  the  light  won’t  pass  through  to  the 
emulsion  if  the  film  is  inserted  backward  in  the  holder.  Be  sure  that  the  chemicals 
are  mixed  properly  and  that  you  are  following  the  proper  procedure. 

Intermediate  holography 

You  can  learn  more  about  holography  by  actually  making  a  hologram  than  reading  an 
entire  book  on  the  subject  (however,  that  is  recommended,  see  Appendix  B  for  a  list 
of  books  on  holography).  The  following  observations  will  help  you  better  grasp  the 
technology  and  artistry  of  holograms. 

Field  of  vision 

Here’s  an  important  point  to  remember  as  you  experiment  further.  You  might  have 
realized  that  the  film  holder  represents  the  frame  of  a  window  onto  which  you  can 
view  the  subject.  Place  your  head  against  the  film  holder,  close  one  eye,  and  look  at 
the  object  from  up  close.  Without  actually  moving  your  eye,  scan  your  head  vertically 
and  horizontally  and  notice  the  different  views  you  can  see  of  the  subject.  They  are 
the  same  views  you  see  in  a  hologram.  Use  this  technique  to  view  the  perspective 
and  field  of  vision  for  your  holograms.  You  can  then  adjust  the  position  of  the  object, 
film,  or  even  the  optics  to  obtain  the  views  that  you  want. 

Varying  exposure 

Unless  you  have  a  calibrated  power  meter  and  lots  of  experience,  expect  mistakes  in 
estimating  exposure  times  when  experimenting  with  different  types  of  holographic 
setups.  The  direct,  one-beam  setup  detailed  previously  conserves  laser  light  energy, 
thus  reducing  exposure  time.  Some  multi-beam  setups  (see  the  next  section  and  the 
next  chapter)  require  exposure  times  of  15  to  25  seconds,  assuming  a  3-  to  5-mW  laser. 

Light  ratios 

All  holograms  are  made  by  directing  a  reference  beam  and  an  object  beam  onto  a  film 
plate.  The  reference  beam  comes  directly  from  the  laser,  perhaps  after  bouncing  off 
a  beam  splitter  and  a  mirror  or  two.  The  object  beam  is  reflected  off  the  object  being 
photographed.  The  ratio  between  the  reference  and  object  beams  is  a  major  consid¬ 
eration.  If  the  ratio  isn’t  right,  the  hologram  becomes  “noisy”  and  difficult  to  see.  The 
reflectivity  of  the  object  largely  determines  the  ratio,  but  with  most  commonly  holo- 
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graphed  subjects,  the  reference-to-object  light  ratio  for  a  transmission  hologram  is 
about  4:1  (four  parts  reference  to  one  part  object). 

Intermediate  and  advanced  holography  requires  careful  control  over  light  ratios, 
which  means  you  must  take  readings  using  a  calibrated  power  meter  (available 
through  Metrologic)  or  a  light  meter. 

You  can  adjust  the  light  ratios  by  repositioning  the  optics  or  by  using  a  variable- 
density  beam  splitter.  A  variable-density  beam  splitter  is  a  wheel  (or  sometimes  a 
rectangular  piece  of  glass)  with  an  anti-reflective  coating,  applied  in  varying  density, 
on  one  side.  An  area  with  little  or  no  anti-reflection  coating  reflects  little  light  and 
passes  much.  The  opposite  is  true  at  an  area  with  a  high  amount  of  AR  coating.  You 
can  “dial”  in  the  ratio  of  transmitted  versus  reflected  light  by  turning  the  wheel.  No¬ 
tice  that  basic  holography  doesn’t  require  a  variable-density  beam  splitter,  which  is 
good  because  they’re  expensive. 


Reverse  viewing 

If  you  flip  the  hologram  over  top  to  bottom,  you’ll  see  the  image  appear  in  front  of  the 
film,  looming  toward  you.  You  see  the  image  inside-out  as  you  view  it  from  the  back 
side.  This  effect  is  created  by  light  focusing  in  the  space  in  front  of  the  hologram.  Al¬ 
though  the  entire  image  can’t  be  focused  onto  a  plane,  you  can  see  the  formation  of 
three  dimensions  by  placing  a  piece  of  frosted  glass  at  the  apparent  spot  where  the 
hologram  appears.  As  you  move  the  plate  in  and  out,  different  portions  of  the  picture 
will  come  in  and  out  of  focus. 


Projected  viewing 

The  image  in  a  hologram  can  be  projected  in  a  variety  of  ways.  Try  this  method.  Re¬ 
place  the  hologram  so  that  its  emulsion  faces  the  laser.  Remove  the  beam-expanding 
lens  so  that  just  the  pencil-thin  beam  of  the  laser  strikes  the  center  of  the  hologram 
film.  Place  a  white  card  or  screen  behind  the  film  to  catch  the  light  going  through  the 
hologram.  The  screen  or  card  should  be  located  where  your  eyes  would  be  if  you 
were  viewing  the  hologram.  Watch  the  image  that  appears.  You’ll  see  the  complete 
object,  but  the  image  will  be  two-dimensional. 

Now  move  the  film  up  and  down  and  right  and  left.  Notice  how  the  picture  of  the 
object  remains  complete,  but  the  perspective  changes.  This  is  the  same  effect  you 
get  if  you  cut  a  hologram  into  many  pieces.  Each  piece  contains  a  full  picture  of  the 
subject,  but  at  slightly  different  views. 

Transfer  mirrors 

Some  holographers  prefer  to  place  the  laser  in  the  sand  table.  This  is  perfectly  ac¬ 
ceptable,  as  long  as  you  mount  the  laser  on  a  wood  or  plastic  board.  Position  it  along 
one  side  of  the  table  and  direct  the  beam  diagonally  across  the  table  with  a  transfer 
mirror.  Aiming  the  beam  diagonally  across  the  surface  of  the  sand  table  gives  you 
more  room  and  allows  you  to  create  more  elaborate  setups.  The  general  idea  is 
shown  in  Fig.  17-10. 
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17-10  The  idea  of  transfer  mirrors. 

Alternate  single-beam  transmission  setups 

Figure  17-11  shows  the  setup  for  an  alternate  single-beam  transmission  hologram. 
This  arrangement  requires  a  white  card  measuring  about  4"  x  4"  and  a  5"  or  6"  square 
mirror.  Position  the  film  holder  as  shown  and  locate  the  mirror  at  about  an  80°  angle 
to  the  film.  Place  the  card  so  that  no  direct  light  from  the  laser  strikes  the  film.  All  of 
the  light  used  for  exposing  the  film  should  be  reflected  off  the  mirror. 


17-11  A  single-beam  transmission  hologram  using  a  large  mirror.  The  mirror  provides  the  reference  beam,  as 
well  as  a  large  portion  of  light  for  the  illumination  of  the  object. 
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Yet  another  single-beam  transmission  hologram  can  be  created  by  using  the  sim¬ 
ple  setup  shown  in  Fig.  17-12.  It  is  similar  to  the  first  arrangement,  but  the  film  is  po¬ 
sitioned  at  almost  a  90°  angle  to  the  path  of  the  laser  light.  Here,  no  white  card  or 
mirror  is  used.  Tables  17-3  and  17-4  provide  the  parts  lists  for  these  two  setups. 


17-12  A  simple  single-beam  transmission  hologram  arrangement,  shown  with  film  set 
at  a  75-  to  80-degree  angle  to  the  beam  path. 


Table  17-3.  Alternate  #1  single  beam 
transmission  hologram  parts  list 


1  He-Ne  laser 

1  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 

1  5-  or  6-inch  square  front-surface  mirror 

1  Black  blocking  card 
1  Object 


Table  17-4.  Alternate  #2 
single  beam  transmission 
hologram  Parts  List 


1  He-Ne  laser 

1  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 
1  Object 


The  film  can  actually  be  beside,  under,  or  over  the  object.  Place  the  film  angled 
downward  on  a  hill  of  sand.  Underneath,  place  a  piece  of  painted  airport  runway  from 
a  model  airplane  kit.  The  finished  hologram  will  have  a  startling  3-D  image  of  the  run¬ 
way  that  will  appear  as  if  you  are  actually  landing  an  airplane.  Try  this  technique  the 
next  time  you  exhibit  your  best  model  airplane.  You’re  sure  to  win  first  place! 
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Split-beam  transmission  hologram 

The  visual  effect  of  a  single-beam  hologram  is  limited  due  to  the  single  source  of 
light.  Objects  photographed  in  this  manner  can  look  dark  or  lack  detail  in  shadowed 
areas.  Only  one  side  of  the  hologram  might  be  illuminated,  and  as  you  move  your 
head  to  see  different  views,  the  image  grows  dim.  In  portraiture  photography,  two, 
three,  and  sometimes  four  different  light  sources  are  used  to  illuminate  different 
parts  of  the  head  or  body.  The  amount  of  illumination  from  each  light  is  carefully 
controlled  to  make  the  picture  as  pleasing  as  possible. 

A  similar  approach  can  be  used  in  holography  by  splitting  the  laser  beam  and 
providing  two  or  more  sources  of  light  to  illuminate  the  object  (there  is  still  only  one 
reference  beam).  The  setup  in  Fig.  17-13  shows  how  to  illuminate  an  object  by  split- 


17-13  Optical  arrangement  (shown  in  the  sandbox)  for  a  multiple  beam  transmission  hologram.  The  object 
is  illuminated  on  two  sides,  providing  even  lighting  and  better  contrast. 
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ting  the  laser  light  and  directing  two  expanded  beams  to  either  side  of  the  object. 
See  Table  17-5  for  a  list  of  required  materials. 


Table  17-5.  Split  beam 
Transmission  hologram  parts  list 


1  He-Ne  laser 

3  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 

4  1-  to  2-inch  square  front-surface  mirror 

2  Plate  beam  splitter  (50:50) 

2  Black  blocking  card 

1  Object 


The  main  consideration  when  splitting  the  light  is  that  the  reference  and  object 
beams  should  travel  approximately  the  same  distance  from  the  laser.  That  is,  the  ref¬ 
erence  beam  should  not  travel  2.5'  and  the  object  beam(s)  only  1.2'.  Use  a  fabric  tape 
to  measure  distances.  Accuracy  within  one  or  two  inches  will  ensure  good  results. 
Longer  distances  might  exceed  the  coherency  length  of  the  laser,  and  your  holo¬ 
grams  might  not  come  out  right.  Notice  that  high-power  lasers  generally  have  longer 
coherency  lengths  than  low-power  ones. 

The  arrangement  requires  three  diverging  lenses,  three  mirrors,  and  two  beam 
splitters.  A  slightly  different  variation,  using  fewer  components,  is  presented  in  the 
holography  gallery  in  the  next  chapter.  The  first  beam  splitter  reflects  the  light  to  a 
reference  mirror.  This  light  is  then  expanded  by  a  bi-concave  lens  and  directed  at  the 
film.  The  transmitted  light  through  the  first  beam  splitter  is  divided  again  by  a  sec¬ 
ond  beam  splitter.  These  two  beams  are  bounced  off  positioning  mirrors,  expanded 
by  lenses,  and  pointed  at  the  object. 

It’s  very  important  that  no  light  from  the  two  object  mirrors  strikes  the  film.  It  is 
a  good  idea  to  baffle  the  light  by  placing  black  cards  on  either  side  of  the  film  holder, 
as  illustrated  in  the  figure. 

Exposure  time  should  be  similar  to  the  one-beam  method  described  earlier  in 
this  chapter,  but  you  should  probably  make  another  test  strip  to  be  sure.  Although 
roughly  the  same  total  amount  of  light  is  striking  the  film  in  both  single-  and  multi¬ 
ple-beam  setups,  there  is  inherent  light  loss  through  the  beam  splitters,  as  well  as 
additional  light  scattering  through  the  three  lenses. 

Process  the  film  in  the  usual  manner,  and  when  dried,  place  it  back  in  the  film 
holder,  emulsion  side  facing  the  reference  beam.  Remove  the  object  that  you  pho¬ 
tographed,  as  well  as  the  object  mirrors  and  second  beam  splitter  because  you  need 
only  the  reference  beam  to  reconstitute  the  image.  An  image  should  now  appear. 

You  can  visually  see  how  the  processed  hologram  must  be  placed  in  the  exact 
same  position  relative  to  the  reference  beam,  or  the  image  won’t  appear.  Try  turning 
the  film  in  the  holder.  Notice  that  the  image  disappears  if  you  rotate  the  film  more 
than  a  few  degrees  in  either  direction. 
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Advanced  holography 

Most  people  have  enjoyed  looking  at  a  hologram,  but  few  people  have  made  one.  But 
if  just  looking  at  a  hologram  is  such  fun,  imagine  what  it’s  like  to  make  your  own.  The 
last  chapter  introduced  the  basics  of  holography  and  showed  you  how  to  make  your 
own  transmission-type  holograms.  This  chapter  takes  you  several  steps  further,  re¬ 
vealing  how  to  make  colorful  reflection  holograms,  circular  holograms,  or  even  holo¬ 
graphic  movies.  There  are  also  several  alternative  setups  for  both  transmission  and 
reflection  holograms  that  you  might  like  to  try. 

Advanced  sandbox 

The  2'-x-2'  sandbox  described  in  the  last  chapter  is  fine  for  tinkering  around,  but 
serious  holography  requires  a  bigger  work  area.  Figure  18-1  shows  a  design  for  a 
4'-x-4'  sandbox  using  plywood,  concrete  blocks,  poured  concrete,  and  automobile  in¬ 
ner  tubes.  A  parts  list  is  provided  in  Table  18-1.  The  table  uses  basic  masonry  and 
concrete-pouring  techniques,  so  if  you  aren’t  familiar  with  these,  pick  up  any  good 
book  on  the  subject  at  the  library.  Although  the  procedure  of  pouring  and  leveling 
concrete  might  seem  too  involved,  it’s  actually  a  simple  process  that  takes  just  one 
or  two  hours. 

Start  the  table  by  laying  a  4'-x-4'  carpet  on  the  floor.  Place  five  concrete  blocks, 
each  measuring  8"  x  8"  x  16",  over  the  carpet,  as  shown  in  Fig.  18-2.  Add  small  pieces 
of  carpet  on  top  of  the  blocks,  then  set  a  %"  piece  of  4'-x-4'  plywood  squarely  over  the 
blocks.  Add  yet  another  piece  of  carpet  over  the  plywood. 

Inflate  four  small  automobile  or  motorcycle  inner  tubes  to  50  to  60% .  Don’t  over¬ 
fill — just  inflate  enough  that  the  inner  tube  starts  to  expand  and  that  a  heavy  weight 
placed  on  top  will  not  squeeze  the  rubber  together.  Inner  tubes  for  small  12"  or  13" 
car  wheels  work  well.  Alternatively,  you  can  use  wide  motorcycle-tire  inner  tubes. 
Use  a  fifth  tube  in  the  middle  of  the  table  if  the  tubes  are  very  small. 

Cut  a  piece  of  plywood  to  4'  x  4'.  Nail  2"-x-4"  framing  to  the  outside  edge  of  the 
plywood.  Use  only  a  few  nails  for  each  side;  the  framing  is  temporary.  Mix  t  wo  bags 
of  Redi-Mix  (or  similar)  cement  according  to  instructions.  In  most  cases,  all  you  add 
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Carpeting 
(2  of  4) 


Cement  block 
(2  of  5) 


Sandbox 
Cement  slab 


Inner  tube 
(1  of  4) 

4-by-4-foot  3/4' 
plywood 


4 -by- 4 -foot 
carpet 


18-1  Materials  required  to  make  the  4-  by  4-foot  concrete  sand  table. 


Table  18-1.  Large  sand  table  parts  lists 


Base  and  Pedestal 

5  Cement  building  blocks  (8-  by  8-  by  16-inches) 

5  8-inch  square  pieces  of  carpet 

1  4-foot  square  piece  of  carpeting 
4  10-  to  14-inch  inner  tubes 

1  4-by-4  foot  sheet  YAnch  thick  plywood 

Sand  Box 

1  4-by-4  foot  sheet * 1 2  3 4/4-inch  thick  plywood 

16  12-by-12  inch  square  stepping  stones  (or  equivalent) 

4  48-inch  lengths  2-by-4  framing  lumber  (for  cement  slab) 

2  Bags  Redi-Mix  (or  similar)  cement 

1  Bag  mortar  mix 

1  4-by-4  foot  piece  of  chicken  wire 

4  75-  or  100-pound  bags  of  washed,  sterilized,  and  filtered  sand 
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is  water.  An  old  washbucket  makes  a  good  mixing  bin.  Lay  a  piece  of  plastic  tarpau¬ 
lin  in  the  box  to  prevent  cement  from  oozing  out  of  the  sides.  Fill  the  box  about  14- 
full  with  cement,  then  place  a  piece  of  4'-x-4'  chicken  wire  (trim  the  chicken  wire  so 
that  it  fits)  on  top  of  the  cement.  Pour  the  remaining  concrete  over  the  chicken  wire. 

The  concrete  should  reach  the  top  of  the  box.  If  it  doesn’t,  mix  a  little  more,  but 
you  don’t  need  to  use  a  whole  bag.  Use  a  piece  of  scrap  2"-x-4"  as  a  levering  board  to 
smooth  out  the  concrete.  Once  the  cement  is  leveled,  leave  it  alone  overnight.  Read 
the  instructions  that  came  with  the  cement  to  see  if  you  should  water  the  slab  as  it 
dries  to  prevent  cracking.  If  watering  is  recommended,  sprinkle  a  small  amount  of 
water  on  the  slab  every  few  hours.  Should  the  slab  be  cracked  after  drying,  fill  it  us¬ 
ing  concrete  filling  cement,  available  at  most  building  supply  stores.  After  the  slab 
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has  dried  (the  cement  is  now  concrete),  remove  the  2"-x-4"  frame  pieces  and  trim 
away  the  tarpaulin. 

Now  arrange  a  series  of  stepping  stones  around  the  perimeter  of  the  slab,  as 
shown  in  Fig.  18-3.  The  size  of  the  stepping  stones  doesn’t  matter,  as  long  as  they  are 
about  1"  thick.  A  common  stepping  stone  size  is  12"  x  12";  you  don’t  need  anything 
fancy  (don’t  buy  colored  or  fluted  stones). 


Mortar  mix 


18-3  Adding  square  stepping  stones  to  the  perimeter  of  the  concrete  slab.  Use  mortar  to 
set  the  stones. 


Prepare  a  bucket  of  mortar  mix,  according  to  the  instructions.  With  a  trowel, 
glop  the  mortar  onto  the  bottom  and  sides  of  the  stones  and  apply  them  to  the 
perimeter  of  the  slab  (you  might  need  to  wet  the  slab  and  stones  first  with  clean  wa¬ 
ter).  Work  slowly  and  try  to  use  just  the  right  amount  of  mortar,  but  you  can  scrape 
off  mortar  that  oozes  between  the  stones  with  the  trowel. 

If  the  stones  you  use  won’t  fit  evenly  around  the  perimeter  of  the  slab — the  cor¬ 
ners  don’t  meet,  for  example — you  can  cut  them  into  smaller  pieces  by  first  making 
a  scoring  line.  Score  the  stone  with  a  hacksaw  at  the  place  where  you  want  to  make 
the  cut.  After  the  score  is  %"  to  V"  deep,  place  the  stone  at  a  curb  or  other  ledge. 
Press  down  with  both  hands  to  break  the  stone  at  the  score.  Your  first  attempt  might 
not  work,  but  with  practice,  you’ll  get  the  hang  of  it.  You  can  also  use  smaller  step¬ 
ping  stones  or  even  red  brick  to  fill  in  comers  that  don’t  meet. 

The  mortar  takes  about  a  day  to  dry  and  might  also  require  a  sprinkle  with  wa¬ 
ter  now  and  then  to  prevent  cracking.  After  the  mortar  has  set,  add  16  to  18  100- 
pound  bags  of  sand.  Fill  to  about  2"  from  the  top  of  the  table.  At  this  point,  you  might 
want  to  remember  that  the  table  will  weigh  about  a  ton  when  filled  with  sand,  so  if 
you  put  the  table  on  a  rickety  floor,  you’ll  soon  regret  it. 

The  sand  table  is  now  complete.  Some  holographers  like  to  paint  the  concrete 
flat  black  to  reduce  light  scatter  and  to  improve  the  looks.  Painting  is  not  necessary, 
but  do  as  you  please. 
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Making  a  reflection  hologram 

Transmission  holograms  require  you  to  shine  the  expanded  beam  of  a  laser  through 
them  in  order  to  see  an  image.  Another  type  of  hologram  that  doesn’t  require  a  laser 
for  viewing  is  the  reflection  hologram.  These  work  by  shining  light  (white  or  colored) 
off  the  diffraction  grating  surface  of  the  hologram.  If  viewed  under  white  light,  the 
hologram  gives  off  a  rainbow  of  dazzling  colors. 

Mixing  the  chemicals 

Reflection  holograms  are  no  more  difficult  to  make  than  transmission  holograms,  al¬ 
though  the  processing  chemistry  is  a  bit  different.  White-light  reflection  holograms 
can  use  Kodak  D-19  developer,  but  they  should  be  bleached  using  one  of  the  follow¬ 
ing  formulas: 

•  Carefully  mix  20  grams  (or  about  one  tablespoon)  of  potassium  bromide  and 
20  grams  mercuric  chloride  (fatal  if  swallowed')  in  one  liter  of  water.  This 
stuff  is  dangerous  and  highly  caustic,  so  never  touch  it  with  bare  fingers  or 
allow  it  to  splash  on  skin,  clothes,  or  eyes.  Or, 

•  Dissolve  two  grams  of  potassium  dichromate  with  30  grams  of  potassium 
bromide  in  one  liter  of  water.  After  these  have  thoroughly  mixed,  carefully 
add  two  cm3  of  concentrated  sulfuric  acid  (always  add  acid  to  water,  not  the 
other  way  around).  This  is  also  nasty  stuff  and  it  will  burn  skin  if  you  touch 
it.  Wear  gloves  and  safety  goggles  when  mixing,  and  use  gloves  or  tongs 
when  processing  the  film. 

The  best  reflection  holograms  need  a  fixing  step,  just  like  regular  photographic 
film  and  paper.  Fixer  comes  pre-made  (in  powder  or  liquid),  making  it  easy  to  use. 
Kodak  Rapid  Fixer  with  hardener  is  a  good  choice.  Mix  according  to  the  instructions. 

Setting  up 

Figure  18-4  shows  the  most  rudimentary  arrangement  for  making  a  reflection  holo¬ 
gram.  See  Table  18-2  for  a  parts  list.  Position  the  laser,  lens,  film,  and  object  in  a  di¬ 
rect  line.  For  best  results,  the  object  used  in  reflection-type  holography  should  be 
relatively  small  in  comparison  to  the  film  and  should  be  placed  within  a  few  inches  of 
the  film.  Larger  images  or  those  placed  far  away  tend  to  be  dark  and  fuzzy. 

As  you  read  in  the  last  chapter,  reflection  holograms  require  a  film  without  the 
antihalation  backing;  be  sure  to  use  this  type.  When  you  are  ready  to  make  the  ex¬ 
posure,  turn  out  the  lights,  remove  the  film,  and  place  the  film  in  the  holder. 

If  you  are  using  a  glass-plate  film  holder,  remember  to  press  the  plates  together 
firmly  and  keep  constant  pressure  for  10  to  20  seconds  to  remove  air  bubbles 
trapped  between  the  glass  and  film.  Use  wood  blocks  to  apply  even  pressure.  Snap 
the  binder  dips  around  the  glass  and  position  the  holder  in  front  of  the  object.  If  nec¬ 
essary,  mount  the  film  holder  between  two  PVC  or  dowel  pillars. 

As  with  the  transmission  hologram,  the  beam  should  be  expanded  so  that  the 
outer  A  of  the  diameter  falls  off  the  edge  of  the  film.  You  want  the  inner  %  of  the 
beam,  which  is  the  brightest  portion.  Unlike  transmission  holograms,  reflection  holo- 
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18-4  A  basic  single-beam  reflection  hologram  arrangement. 

Table  18-2. 

Single  beam  reflection 
hologram  setup  parts  list 


1  He-Ne  laser 

1  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 

1  Object 


grams  call  for  a  ratio  between  reference  and  object  at  a  more  even  1:1  or  2:1.  Use  a 
photographic  light  meter  or  power  meter  to  determine  proper  beam  ratios. 

Exposure  time  depends  on  the  power  output  of  the  laser,  as  well  as  the  size  of 
the  film  (or  more  precisely,  the  amount  of  beam  spreading) ,  but  you  might  have  luck 
using  trial  exposures  of  3  to  5  seconds  with  a  1-mW  laser  and  a  1  to  2  seconds  for  a 
3-mW  laser. 

Processing  the  film 

In  dim  or  green-filtered  light,  dip  the  film  in  the  developer  tray  and  process  for  2  to 
5  minutes.  As  a  general  rule  of  thumb,  a  reflection  hologram  should  pass  about  20  to 
30%  of  the  light  when  held  up  to  a  green  safelight.  After  developing,  rinse  in  water 
or  stop  bath  for  15  seconds. 

Dip  the  film  in  the  first  fixer  bath  for  2  to  3  minutes.  After  the  fixing  is  complete, 
the  room  lights  can  be  turned  on  (fixer  renders  the  film  insensitive  to  further  expo¬ 
sure  to  light).  Wash  again  in  water  for  15  seconds. 

Place  the  film  in  the  bleach  mixture  for  1  to  2  minutes  or  until  the  film  clears. 
Rinse  once  more  in  water  for  15  seconds.  Finally,  place  the  film  in  a  second  fixer  bath 
for  3  to  5  minutes  or  until  the  hologram  turns  brown. 

Wash  all  the  chemicals  away  by  rinsing  the  film  under  running  water  for  at  least 
five  minutes.  Then,  dip  the  hologram  in  Photoflo,  squeegee  it,  and  hang  it  up  to  dry 
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(details  on  these  last  steps  are  in  the  previous  chapter).  Be  aware  that  you  can’t  see 
a  holographic  image  until  the  film  is  completely  dried,  so  don’t  judge  your  success 
(or  failure)  at  this  point. 

If  you  are  impatient  and  can’t  wait  for  the  film  to  dry  on  its  own,  you  can  hurry 
up  the  process  by  blow-drying  the  film  with  a  hair  dryer.  Set  the  dryer  on  no  heat  (air 
only)  and  gently  waft  it  6"  to  8"  in  front  of  the  film.  The  backing  will  dry  quickly  but 
the  emulsion  takes  5  to  10  minutes.  Always  remember  to  dry  film  in  a  dust-free 
place.  Amateur  photographers  like  to  use  the  tub  or  shower  in  the  bathroom,  a  place 
where  airborne  dust  usually  doesn’t  stay  for  long. 

To  sum  up: 

•  Develop  in  D-19  (or  similar)  developer  for  2  to  5  minutes. 

•  Rinse  in  water  or  stop  bath  for  15  seconds. 

•  Fix  in  the  first  fixer  for  2  to  3  minutes  (light  on  after  fixing). 

•  Rinse  in  water  for  15  seconds. 

•  Bleach  for  1  to  2  minutes  (or  until  the  film  clears). 

•  Rinse  in  water  for  15  seconds. 

•  Fix  in  second  fixer  for  3  to  5  minutes. 

•  Wash  thoroughly  under  running  water  for  5+  minutes. 

•  Dip  in  Photoflo  for  15  seconds;  squeegee. 

•  Dry  for  at  least  30  minutes. 


Alternate  method 

A  slightly  less  complex  processing  method  can  be  used  to  make  reflection  holo¬ 
grams.  Develop  the  film  in  D-19  for  2  to  5  minutes,  then  wash  in  running  water  for  5 
minutes.  Bleach  the  film  using  the  sulfuric  acid  bleach  described  above  for  2  minutes 
or  until  the  film  clears  (becomes  transparent).  Wash  for  another  5  to  10  minutes  and 
dry  it. 


Viewing  reflection  holograms 

Reflection  holograms  don’t  require  a  laser  for  image  reconstruction.  Just  about  any 
source  of  light  will  work,  including  sunlight  or  the  light  from  an  incandescent  light. 
Avoid  greatly  diffused  light,  such  as  that  from  a  fluorescent  lamp,  or  the  hologram 
will  look  fuzzy.  The  ideal  light  source  is  a  point-source,  such  as  an  unfrosted  filament 
bulb.  You  will  see  the  image  as  you  tilt  the  hologram  at  angles  to  the  light. 

Notice  the  many  colors  in  the  picture,  particularly  green.  Although  made  with  a 
red  helium-neon  light,  the  film  shrinks  after  processing,  so  it  tends  to  reflect  shorter 
wavelength  light.  The  amount  of  shrinkage  varies  depending  on  the  film,  but  it  often 
correlates  to  50  to  100  nm,  reducing  the  red  632.8  rim  wavelength  of  the  helium- 
neon  laser  to  about  500  to  550  nm. 

The  best  viewing  setup  for  a  reflection  hologram  is  shown  in  Fig.  18-5.  Place  the 
light  from  a  desk  lamp  straight  down  at  the  table.  Tilt  the  hologram  toward  you  until 
the  image  becomes  clear  (about  45  to  50°) . 
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Light  source 


18-5  How  to  view  the  processed  (and  dried)  reflection  hologram 
in  white  light. 


Improved  reflection  holograms 

There  are  a  number  of  methods  to  make  better  and  more  interesting  reflection  holo¬ 
grams.  One  is  to  use  a  casting  or  mold  for  an  object  and  place  the  mold  directly  be¬ 
hind  the  film.  The  hologram  that  results  has  an  eerie  3-D  quality  to  it,  where  you 
can’t  see  if  the  object  is  concave  or  convex.  Try  it. 

A  split-beam  reflection  hologram  provides  more  even  lighting  and  helps  improve 
the  three-dimensional  quality.  Figure  18-6  shows  one  arrangement  that  you  can  use. 
Except  for  the  angle  of  some  of  the  objects,  it  is  nearly  identical  to  the  split-beam 
transmission  hologram  setup  described  in  the  last  chapter. 


Advanced  holographic  setups 

A  one-mirror  cylindrical  transmission  hologram  can  be  made  using  the  basic 
arrangement  depicted  in  Fig.  18-7  (refer  to  Table  18-3  for  a  parts  list).  You  need 
wide  film  for  this  project;  you  can  either  buy  it  in  70-mm-x-250-mm  strips,  or  cut 
even  larger  film  to  size.  The  setup  is  relatively  simple.  A  glass  or  plastic  jar  (ap¬ 
proximately  3"  in  diameter)  holds  a  convex  mirror  and  the  object.  Inside  the  jar, 
wrap  a  strip  of  film  so  that  the  emulsion  is  facing  inward.  A  light  baffle  made  of  black 
artboard,  placed  at  the  neck  of  the  jar,  prevents  laser  light  from  spilling  directly 
onto  the  film. 
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Transfer  mirror 


Reference  mirror 


Object  mirror  1 


18-6  Optical  arrangement  (shown  in  the  sandbox)  for  a  multiple  beam  reflection  hologram.  The  object  is 
illuminated  on  two  sides,  providing  even  lighting  and  better  contrast. 


18-7  How  to  make  a  single-beam  cylindrical  hologram. 
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Table  18-3.  Split  beam 
transmission  hologram  parts  list 


1  He-Ne  laser 

3  8-  to  10-mm  bi-concave  lens 

1  Holographic  film  in  film  holder 

4  1-  to  2-inch  square  front-surface  mirror 

2  Plate  beam  splitter  (50:50) 

3  Black  blocking  card 

1  Object 


In  operation,  the  laser  light  directly  illuminates  the  object,  as  well  as  the  mirror. 
The  light  from  the  mirror  acts  as  the  reference  beam.  The  light  from  both  object  and 
mirror  meets  at  all  areas  around  the  circumference  of  the  jar,  exposing  the  entire 
piece  of  film.  The  object  shows  up  better  if  it  is  mounted  on  a  pedestal.  A  small  piece 
of  wood  painted  flat  black  works  well  as  a  pedestal. 

Process  the  film  as  usual,  but  be  sure  that  the  trays  are  large  enough  to  accom¬ 
modate  the  film.  To  view  the  hologram,  wrap  it  in  a  circle  and  shine  an  expanded 
laser  beam  through  the  top  and  against  one  inside  wall.  View  the  film  by  rotating  it. 
You  can  support  the  film  by  placing  it  back  inside  of  the  jar  that  you  used  for  making 
the  hologram. 

A  reflection  hologram  is  made  by  changing  the  convex  mirror  for  a  concave  one 
(many  such  mirrors  are  coated  on  both  sides  so  that  they  are  concave/convex).  To 
view  the  hologram,  shine  a  point  source  of  white  light  through  the  top  and  against 
one  inside  wall. 

Any  object  that  you  can  fit  in  the  jar  and  place  on  the  pedestal  can  be  used  for  a 
cylindrical  hologram.  Good  choices  for  first  attempts  include  chess  pieces,  old  coins 
(held  upright  on  one  edge),  and  playing  dice.  If  the  object  doesn’t  sit  the  way  you 
want  on  the  pedestal,  secure  it  in  place  using  black  modeling  clay  (not  the  best 
method)  or  Super  Glue.  Most  objects  will  snap  off  even  with  Super  Glue,  particularly 
if  you  apply  just  a  dab  on  top  of  the  pedestal. 

The  biggest  problem  with  this  method  is  movement  of  the  film  during  exposure. 
Wait  at  least  5  minutes  after  loading  the  film  to  expose  it  to  allow  time  for  the  film  to 
shift  and  settle.  You  might  want  to  tap  the  jar  once  or  twice  after  placing  the  film  to 
help  set  it  in  position.  Leave  it  alone  while  you  take  a  coffee  break  (or  better  yet,  take 
in  a  half-hour  sitcom) . 

Direct  beam  cylindrical 

Another  type  of  cylindrical  hologram  doesn’t  use  a  mirror.  The  direct  beam  cylindri¬ 
cal  arrangement  shown  in  Fig.  18-8  makes  transmission-type  holograms  of  objects 
you’ve  mounted  on  a  black  pedestal.  See  Table  18-4  for  a  parts  list.  The  setup  re¬ 
quires  a  well-expanded  beam  of  laser  light,  so  you  might  need  to  use  two  bi-concave 
lenses,  positioned  one  after  the  other,  to  achieve  the  desired  effect. 

If  you  use  non- AH  film  (film  without  an  antihalation  backing),  you  might  want  to 
cover  the  outside  of  the  jar  with  black  construction  paper  to  prevent  the  film  from 
being  fogged  by  stray  light  that  strikes  the  outside  of  the  jar.  Once  again,  be  sure  to 
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Table  18-4.  Cylindrical  hologram  setup  parts  list 


1  Laser 

1  8-  to  10-mm  bi-concave  lens 

1  3-inch  diameter  (approximately)  clear  glass  or  plastic  jar  (length  2-4  inches) 
1  3-inch  diameter  (approximately)  convex  mirror 
1  Object  on  pedestal 

1  Film  strip 

1  Light  baffle 


place  the  film  securely  in  the  jar.  Place  tape  on  the  top  portion  of  the  film  to  keep  it 
from  moving;  wait  at  least  10  to  15  minutes  for  the  film  to  settle. 

Directing  the  beam 

It  is  easiest  to  expose  objects  by  placing  the  jar  sideways  on  the  sand  table.  That  re¬ 
quires  you  to  mount  the  pedestal  and  object  to  the  mirror  and  secure  the  mirror  to 
the  base  of  the  jar.  When  this  isn’t  practical  or  desirable,  you  can  place  the  jar  upright 
and  direct  the  beam  into  the  jar  with  a  large  front-surface  mirror. 

Although  this  approach  works,  it’s  not  highly  recommended  because  dust,  fin¬ 
gerprints,  and  other  contamination  on  the  mirror  can  upset  the  exposure.  Reflected 
laser  light  is  never  as  pure  when  it  is  expanded  to  cover  a  wide  area.  Whenever  pos¬ 
sible,  laser  light  should  be  unexpanded  when  bounced  off  mirrors. 

Multiple-channel  holograms 

A  transmission  hologram  must  always  be  positioned  so  that  the  illumination  from  the 
laser  is  at  the  same  angle  as  the  reference  beam  when  the  picture  was  first  taken. 
Canting  the  film  at  an  angle  makes  the  image  disappear.  Although  this  is  often  con¬ 
sidered  a  nuisance  by  beginning  holographers,  it’s  actually  a  considerable  benefit  be¬ 
cause  it  means  you  can  expose  the  same  piece  of  film  with  an  almost  unlimited 
number  of  scenes!  You  see  each  scene  by  rotating  the  film  or  by  shifting  its  angle  rel¬ 
ative  to  the  illumination  beam.  This  process  is  most  often  called  multiple-channel 
holography ,  and  it  takes  many  forms. 
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In  practice,  you  want  to  limit  the  number  of  exposures  to  two  or  four.  The  more 
scenes  recorded  on  the  film,  the  more  chance  they  will  interfere  with  one  another. 
The  objects  for  multiple -channel  holography  should  be  relatively  small  in  compari¬ 
son  to  the  size  of  the  film  that  you  are  using.  A  good  rule  for  a  two-channel  hologram 
(one  that  has  two  separate  images  on  it)  is  that  the  subjects  should  be  about  half  the 
size  of  the  film.  In  a  four-channel  hologram,  the  subjects  should  be  approximately 
one-quarter  the  size  of  the  film. 

Other  forms  of  multiple  channel  holograms,  including  multiplex  still-film  holog¬ 
raphy,  can  accommodate  hundreds  and  even  thousands  of  separate  images  when  the 
area  of  exposure  is  controlled.  Multiplex  still-film  holography  (or  holographic 
stereograms )  use  frames  of  movie  film  recorded  as  slits  on  the  hologram.  After  pro¬ 
cessing,  the  film  is  wrapped  in  a  circle  and  you  see  each  “frame”  as  the  slits  roll  by. 

A  famous  example  is  the  “Kiss,”  created  by  Lloyd  Cross  and  Pam  Brazier,  where 
a  woman  blows  a  kiss,  then  winks.  The  technique  is  fascinating,  but  beyond  the 
scope  of  this  book.  For  more  information  on  this  holographic  technique  (as  well  as 
numerous  others),  consult  Holography  Handbook ,  by  Fred  Unterseher,  et  al  (Ross 
Books,  1982;  see  Appendix  B  for  other  titles). 

To  make  a  simple  multiple-channel  hologram,  arrange  the  laser  and  optics,  as 
shown  in  Fig.  18-9.  Position  the  film  to  produce  a  standard  direct-beam  transmission 
hologram.  Make  the  first  exposure,  but  at  about  half  the  normal  time.  Shift  the  posi¬ 
tion  of  the  film  and  change  subjects  (you  can  also  use  the  same  subject,  if  desired). 
Make  the  second  exposure,  again  at  about  half  the  normal  time.  Be  sure  that  the 
emulsion  faces  the  object  and  reference  beam  for  both  exposures.  For  best  results, 
the  angle  of  the  film  should  change  by  60  to  90°. 

After  processing,  illuminate  the  hologram  in  the  usual  manner.  Notice  how  you 
see  object  A  when  the  film  is  tilted  one  way,  then  object  B  when  the  film  is  tilted  the 
other  way.  If  you  used  the  same  object  for  both  exposures  and  the  angle  of  the  film 
was  roughly  90°,  rotating  the  film  will  reveal  almost  180°  of  the  object. 

Instead  of  physically  moving  the  film,  you  can  rotate  it  in  its  holder.  For  exam¬ 
ple,  you  can  make  a  four-channel  hologram  by  rotating  the  film  90°  for  each  new  ex¬ 
posure  (exposure  time  about  one-fourth  of  normal).  When  viewing  the  hologram, 
you  see  the  different  views  of  different  objects  by  spinning  the  film. 

Hologram  gallery 

You  might  want  to  use  the  following  setups  to  create  a  wide  variety  of  holograms.  In¬ 
cluded  are  both  transmission  and  reflection  types,  using  single  and  multiple  beams. 
In  all  cases,  remember  to  follow  standard  holographic  practices: 

•  Allow  time  for  the  table  and  film  to  stabilize  before  taking  the  exposure. 

•  When  using  glass-plate  film  holders,  be  sure  that  the  glass  is  perfectly  clean. 
Press  both  pieces  firmly  together  for  about  30  seconds.  Use  blocks  of  wood 
to  exert  even  pressure.  Remove  all  of  the  trapped  air  or  the  film  might  move 
during  the  exposure. 

•  Be  sure  to  place  the  film  so  that  the  emulsion  faces  the  subject  and/or 
reference  beam.  This  isn’t  always  necessary  for  reflection-type  holograms, 
but  it  is  a  good  habit. 
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•  Observe  proper  lighting  ratios  between  reference  and  object  beams. 
Generally,  transmission  holograms  have  a  3:1  or  4:1  ratio  between  reference 
and  object  beams  (but  up  to  10:1  is  sometimes  required  to  eliminate  noise); 
reflection  holograms  have  a  1:1  or  2:1  ratio. 

•  Measure  distances  for  reference  and  object  beams  to  ensure  that  they  are 
approximately  equal.  Use  a  cloth  or  flexible  tape. 

•  Use  the  proper  chemicals  mixed  fresh  (or  stored  properly),  as  per 
directions.  Throw  out  exhausted  chemicals — flush  them  down  the  sink  and 
run  plenty  of  water  to  wash  away  the  chemical  residue. 

Holographic  interferometry 

Figure  18-10  shows  the  basic  setup  for  experimenting  with  holographic  interferom¬ 
etry,  a  type  of  metrologic  study  where  you  can  visually  see  how  an  object  moves  un¬ 
der  stress.  An  interferometric  hologram  is  made  with  two  exposures:  one  where  the 
object  under  test  is  “at  rest,”  and  other  when  it  is  “under  stress.”  Slight  differences 
in  shape  and  structure  can  occur  between  the  two  states,  causing  movement  that 
shows  up  in  the  two  exposures.  The  amount  and  type  of  movement  is  clearly  visible 
in  the  form  of  interference  lines. 


18-9  How  to  make  a  multiple-channel  hologram.  Shown  are  locations  for  the  film  holder  for  the  first  and  second 
exposures  of  the  same  object. 
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18-10  The  basic  arrangement  for  making  interference  holograms. 

To  make  an  interferometric  hologram,  take  one  exposure  of  the  object  (a  ruler 
in  the  example)  at  about  half-normal  time — that  is,  if  the  usual  exposure  is  3  sec¬ 
onds,  reduce  it  to  1.5  seconds.  Then,  without  disturbing  anything,  apply  stress  (the 
weight)  to  the  object  and  after  allowing  time  for  settling,  take  another  exposure.  It  is 
important  that  you  do  not  disturb  anything  in  the  setup  other  than  to  carefully  apply 
the  weight.  If  the  ruler,  film,  or  other  components  shift  even  a  few  millionths  of  an 
inch,  the  hologram  will  be  ruined.  Don’t  expect  to  get  this  one  right  the  first  time.  It 
requires  a  great  deal  of  patience  and  careful  arrangement. 

If  the  ruler  doesn’t  prove  a  cooperative  subject,  try  another.  One  good  choice  is 
a  small  C-clamp  pressed  tightly  around  a  steel  or  plastic  block.  Take  one  picture  with 
the  clamp  tightened,  but  not  overly  so,  on  the  block.  Cinch  down  on  the  clamp  and 
take  another  exposure.  You  will  see  stress  marks  around  the  C-shaped  mouth  of  the 
clamp,  as  well  as  at  the  point  of  contact  on  the  block.  Other  possible  subjects  include 
a  light  bulb  in  both  cold  and  hot  states  (turn  the  bulb  on  for  a  few  minutes  between 
exposures,  but  be  sure  to  block  the  film  from  exposure),  and  the  strain  on  a  piece  of 
metal  from  an  increased  electromagnetic  current. 

Multiple-beam  reflection  hologram 

The  setup  in  Fig.  18-11  shows  another  arrangement  that  you  can  use  to  make  a  mul¬ 
tiple-beam  reflection  hologram.  It  is  a  more  simple  approach  to  the  multiple  beam 
plan  described  earlier  in  this  chapter  and  it  doesn’t  provide  the  same  even  lighting  of 
the  object,  but  it’s  easy  to  arrange  for  classroom  study. 

Soft  lighting  technique 

Transmission  holograms  often  suffer  from  high-contrast  lighting,  where  the  shadows 
have  little  detail.  Although  this  can  enhance  the  three-dimensional  quality  of  the  im¬ 
age,  the  lighting  effect  is  unnatural.  Figure  18-12  shows  how  you  can  soften  the  light- 
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Laser 


Beam  splitter  Mirror 

18-11  An  alternative  scheme  for  producing  a  multiple-beam  reflection  hologram. 


Beam  splitter  Mirror 

18-12  One  way  to  provide  soft  lighting  for  the  object  is  to  place  a  piece  of  frosted  glass  in  the  path  of  the  ex¬ 
panded  object  beam. 


ing  to  achieve  a  less-dramatic  appearance.  The  reference  beam  is  directed  toward 
the  film  as  usual,  but  the  object  beam  is  diffused  using  opal  or  frosted  glass. 

Notice  that  the  glass  acts  as  a  mirror  on  the  back  side,  so  you  should  add  black- 
cards  (as  necessary)  to  avoid  light  spills.  Expand  the  beam  slightly  before  striking 
the  back  of  the  glass  to  avoid  a  hot  spot  in  the  center.  Try  exposure  t  imes  that  are 
slightly  longer  than  normal. 
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Downward  facing  hologram 

A  simple  form  of  single-beam  transmission  holography  entails  pointing  the  film  to 
ward  the  sand.  The  object  must  be  relatively  small  and  should  be  lightly  colored  be 
cause  shadows  will  be  heavy  (the  object  is  back-lit  only). 
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CHAPTER 

Basic  laser  light  shows 


Over  16  million  people  have  seen  the  Laserium  light  show,  and  just  about  every  one 
of  those  16  million  have  gone  home  afterward  wishing  they  could  create  the  same 
kind  of  mind-boggling  special  effects.  If  you  have  a  laser,  you  are  already  on  the  road 
to  producing  your  own  laser  light  shows.  A  small  assortment  of  basic  accessories  is 
all  you  need  to  make  a  dancing,  oscillating  shape  on  the  ceiling,  wall,  or  screen. 

This  chapter  details  some  basic  approaches  to  affordable  laser  light  shows  that 
you  can  create  using  a  He-Ne  or  visible  (red)  diode  laser.  You’ll  learn  how  to  produce 
light  shows  using  dc  motors  and  mirrors  that  make  interesting  and  controllable 
“Spirograph”  shapes,  how  to  make  a  laser  beam  dance  to  the  beat  of  music,  and  how 
to  make  “sheet”  and  “cone”  effects  using  mirrors  and  lenses. 

The  Laserium  “laserists”  use  advanced  components  and  lasers  costing  many 
tens  of  thousands  of  dollars.  A  few  of  these  more-sophisticated  components  are  de¬ 
tailed  in  the  next  chapter  (there,  you’ll  discover  the  use  of  servos  and  galvanometers 
to  control  the  laser  beam,  how  to  make  exciting  smoke  effects,  and  ways  to  use  ar¬ 
gon,  krypton,  and  other  laser  types  to  add  more  colors  to  the  show). 

The  "Spirograph"  effect 

Imagine  your  laser  drawing  unique,  “atom-shaped,”  repeating  spiral  light  forms,  with 
you  adjusting  their  size  and  shape  by  turning  a  couple  of  knobs.  The  “Spirograph” 
light  show  device  (named  after  the  popular  Spirograph  drawing  toy  made  by  Ken¬ 
ner)  uses  three  small  dc  motors  and  an  easy-to-build  motor  speed  and  direction-con¬ 
trol  circuit. 

Depending  on  how  you  adjust  the  speed  and  direction  of  the  motors,  you  alter 
the  shape  and  size  of  the  spiral  light  forms.  And  because  the  motors  used  are  not 
constant  speed,  slight  variations  in  rotation  rate  cause  the  light  forms  to  pulse  and 
change  all  on  their  own.  A  complete  parts  list  for  the  “Spirograph”  light-show  device 
is  in  Table  19-1. 


269 


270  Chapter  19 


Table  19-1.  “Spirograph" 
light  show  device  parts  list 

3  Small  1 .5-  to  6-Vdc  hobby  motor 
3  Lincoln  penny 

3  1-inch  diameter  or  square  thin  front-surface  mirror 
3  %-inch  electrical  conduit  pipe  hanger 
3  %  by  %-inch  bolt,  flat  washer,  tooth  lock  washer 

6  %  nut 

1  8-  by  24-inch  pegboard  (!4-inch  thick) 

2  24-inch  lengths  2-by-2  inch  framing  lumber 
2  4-inch  lengths  2-by-2  inch  framing  lumber 


Mirror  mounting 

Got  a  penny?  That  and  a  little  bit  of  glue  is  all  you  need  to  mount  each  mirror  to  a 
motor.  The  best  motors  to  use  are  the  1.5-  to  6-Vdc  hobby  motors  that  are  made  by 
Mabuchi,  Johnson,  numerous  other  companies,  and  are  sold  by  most  every  electron¬ 
ics  outlet  in  the  country.  Measure  the  diameter  of  the  shaft;  it  can  vary,  depending  on 
the  manufacturer  and  original  application  for  the  motor.  Then,  drill  a  hole  in  the  ex¬ 
act  center  of  a  penny  using  a  bit  just  slightly  smaller  than  the  motor  shaft. 

Use  a  drill  press  to  hold  the  penny  in  place  and  to  prevent  the  bit  from  skipping. 
You’ll  find  drilling  easier  if  you  turn  the  coin  over  and  position  the  bit  in  the  middle 
column  of  the  Lincoln  Memorial  (for  a  penny  less  than  about  25  years  old).  Notice 
that  the  newest  pennies  are  easiest  to  drill.  Don’t  worry;  the  hole  can  be  off  a  few  frac¬ 
tions  of  an  inch,  but  it  should  not  be  larger  than  the  motor  shaft.  If  anything,  strive  for 
a  press  fit.  File  away  the  flash  left  by  the  bit  so  the  surface  of  the  penny  is  smooth. 

Next,  apply  a  drop  of  cyanoacrylate  adhesive  (Super  Glue)  to  a  1"  square  or  di¬ 
ameter  mirror  to  the  center  of  the  penny.  Best  results  are  obtained  when  using  a 
fairly  thin  mirror  and  gap-filling  glue.  The  Hot  Stuff  Super  “T”  glue  made  by  HST-2 
(available  at  hobby  stores)  is  a  good  choice.  Wait  an  hour  for  the  adhesive  to  dry  and 
set.  Repeat  the  procedure  for  the  other  three  mirrors. 

Avoid  gaps  between  the  mirrors  and  pennies.  Although  a  small  amount  of  mis¬ 
alignment  is  desirable,  a  large  gap  will  cause  excessive  beam  displacement  when  the 
motor  turns.  You’ll  see  exactly  why  this  is  important  once  you  build  the  Spirograph 
light-show  device. 

Finally,  mount  the  penny  and  mirror  on  the  end  of  the  motor  shaft,  as  depicted 
in  Fig.  19-1.  Apply  several  drops  of  adhesive  to  the  shaft  and  let  it  seep  into  the  hole 
in  the  penny.  Wait  several  hours  for  the  adhesive  to  set  completely  before  continu¬ 
ing.  Alternatively,  you  can  solder  the  penny  to  the  shaft.  This  requires  a  heavy-duty 
soldering  iron  or  small,  controllable  torch.  Mount  the  penny  on  the  motor  shaft  first, 
then  tack  on  the  mirror. 

Mounting  the  motors 

Ideal  motor  mounts  can  be  made  with  1"  plumbing  pipe  hangers,  sold  at  plumbing 
supply  outlets  or  hardware  stores.  The  hanger  is  made  of  formed,  u-shaped  metal 
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19-1  Mirror  and  penny  mounting  detail  for  the  dc  motors  used 
in  the  “Spirograph”  light  device. 


with  a  mounting  hole  on  one  end  and  an  adjustable  open  end  at  the  other  (many 
other  styles  can  also  be  used).  Secure  the  motor  in  the  hanger  by  loosening  the  bolt 
on  the  end,  slipping  the  motor  in,  and  then  finger-tightening  the  bolt. 

Secure  the  hanger  on  an  8"-x-24"  piece  of  /"  hardwood  pegboard,  as  shown  in 
Fig.  19-2.  Add  wood  blocks  to  the  underside  of  the  pegboard  to  make  an  optical 
breadboard,  as  explained  in  Chapter  7,  “Constructing  an  Optical  Bench.”  Arrange 
the  hangers  as  shown  in  Fig.  19-3,  and  lightly  secure  the  hangers  to  the  pegboard  us¬ 
ing  %"-x-/C  bolts  and  matching  hardware.  Use  flat  and  split  washers,  as  indicated  in 
Fig.  19-2  to  prevent  movement  when  the  motors  are  turning  (and  vibrating). 


Mounting  h adware 


19-2  How  to  mount  the  motors  to  a  pegboard  base. 
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19-3  Arrangement  of  the  motors  on  the  pegboard  base. 


Building  the  motor  control  circuit 

The  motor  control  circuit  allows  you  to  individually  control  each  motor.  You  have  full 
command  over  the  speed  and  direction  of  each  motor  by  flicking  a  switch  and  turn¬ 
ing  a  dial. 

The  schematic  for  the  motor  control  circuit  is  shown  in  Fig.  19-4.  The  illustra¬ 
tion  shows  the  circuit  for  only  one  motor;  duplicate  it  for  the  remaining  two  motors. 
The  prototype  used  a  3!^"-x-4"  perforated  board  and  wire-wrapping  techniques.  Your 
layout  should  provide  room  for  the  electronics,  switches,  potentiometers,  and  tran¬ 
sistors  on  heatsinks  (the  latter  are  very  important) .  Lay  out  the  parts  before  cutting 
the  board  to  size.  Power  is  provided  by  a  6-Vdc  battery  pack  consisting  of  four  alka¬ 
line  D  cells. 

The  double-pole,  double-throw  switches  allow  you  to  control  the  direction  of  the 
motors  or  turn  them  off.  The  potentiometers  let  you  vary  the  speed  of  the  motors 
from  full  to  about  A  to  %  of  normal.  Different  speeds  are  obtained  by  varying  the  “on” 
time  (duty  cycle)  of  the  motors.  The  more  the  duty  cycle  approaches  100%,  the 
faster  the  motor  turns.  The  design  of  this  circuit  does  not  allow  the  motors  to  turn  at 
drastically  reduced  speeds,  which,  in  any  case,  is  not  desirable  to  achieve  the  spiral 
light-form  effects. 
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19-4  An  easy-to-build  pulse  width  modulation  speed  control  and  direction  switch  for  a  small  dc  motor. 

Q1  must  be  mounted  on  a  heatsink. 

Alternative  speed  control  circuits  are  shown  in  Figs.  19-5  through  19-7.  Figure 
19-5  details  a  similar  control  circuit  using  2N3055  heavy-duty  transistors.  This  cir¬ 
cuit  also  works  on  the  duty-cycle  principle  (more  accurately  referred  to  as  a  pulse- 
width  modulation).  These  transistors  should  be  placed  in  a  suitable  aluminum 
heatsink  with  proper  case-to-heatsink  electrical  insulation.  The  2N3055s  and 
heatsinks  require  more  space  than  the  IRF511  power  MOSFET  transistors  used  in 
the  schematic  outlined  earlier,  so  make  the  board  larger. 

Figure  19-6  shows  a  basic  approach  using  2-  to  5- watt  power  potentiometers.  Be 
sure  to  use  pots  rated  for  at  least  2  watts,  or  you  run  the  risk  of  burning  them  out. 
Bear  in  mind  that  the  potentiometer  approach  consumes  more  power  than  the 
pulse- width  modulated  systems.  No  matter  how  fast  the  motors  are  turning,  a  con¬ 
stant  amount  of  current  is  always  drawn  from  the  batteries.  Current  not  used  by  the 
motors  is  dissipated  by  the  potentiometer  as  heat. 

Figure  19-7  shows  speed  and  direction  control  using  a  Sprague  motor-control  IC 
(others  are  available).  You  can  obtain  the  IC  through  most  Sprague  reps,  as  well  as 
from  Circuit  Specialists  (see  Appendix  A  for  sources).  Use  the  pulse-width  modula¬ 
tion  circuit  shown  in  Fig.  19-4  or  19-5  and  apply  to  the  speed  pin  (pin  5)  of  the  UDN- 
2950Z  IC.  Parts  lists  for  the  three  alternative  speed-control  circuits  are  provided  in 
Tables  19-2  through  19-4. 

Mount  the  circuit  board  on  one  end  of  the  optical  breadboard  using  %"-x-Z" 
bolts  and  %"  nuts.  Be  sure  that  there  is  sufficient  space  between  the  bottom  of  the 
board  and  the  wire-wrap  posts  and  top  of  the  optical  breadboard. 

Mounting  the  laser 

Cut  a  3"  length  of  2"  plastic  PVC  pipe  lengthwise  in  half.  Using  %"-x-Z"  bolts  and 
hardware,  mount,  the  two  halves  on  the  optical  breadboard.  Insert  a  2 V"  to  3"  diame- 
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19-5  An  alternate  method  of  providing  pulse  width  modulation  using  a  2N2055  power  transistor. 
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19-6 

How  to  connect  a  high  wattage 
rheostat  or  potentiometer  to 
control  the  speed  of  a  dc  motor. 


ter  worm-gear  pipe  clamp  under  the  PVC  half  before  tightening  the  nuts  and  bolts. 
Use  silicone  adhesive  to  attach  rubber  feet  above  the  four  bolt  heads.  The  rubber 
feet  serve  as  a  cushion  between  the  laser  tube  and  bolts,  as  well  as  to  increase  the 
height  of  the  beam  over  the  optical  bench.  More  details  on  this  and  other  laser¬ 
mounting  methods  are  in  Chapter  7. 

The  PVC  pipe  laser  holder  is  designed  for  a  cylindrical  laser  head.  If  you  are  us¬ 
ing  a  bare  laser  tube,  install  it  in  a  suitable  enclosure  as  detailed  in  Chapter  6,  “Build 
a  He-Ne  Laser  Experimenter’s  System.” 

Aligning  the  system 

Slip  the  laser  into  the  holder  and  tighten  the  two  clamps.  The  distance  between  the 
front  of  the  laser  and  the  motors  is  not  critical,  but  be  sure  that  there  is  no  chance 
that  the  mirror  on  the  first  motor  will  touch  the  end  of  the  laser.  Turn  the  laser  on, 
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19-7  Hookup  diagram  for  using  a  Sprague  UDN-2950Z  half-bridge  motor  driver  IC.  Use  the 
output  of  the  circuits  in  20-4  and  20-5  to  supply  the  Speed  (PWM)  signal. 


Table  19-2.  Motor  control 
circuit  parts  list  (each  motor) 

IC1  4011  CMOS  NAND  gate  IC 

R1  1-Mf2  resistor 

R2  100-k£2  potentiometer 

Cl  0 . 1  -pF  disc  capacitor 

C2  0.01-pF  disc  capacitor 

Q1  IRF511  MOSFET  power  transistor  (or  equivalent) 

SI  DPDT  switch,  center  off 

Misc.  Heatsink  for  Q1 


All  resistors  are  5-  to  10-percent  tolerance,  14  watt.  All  capacitors  arc  10-  to 
20-percent  tolerance,  rated  35  volts  or  more. 
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Table  19-3. 

Alternate  #1  motor  control 
circuit  parts  list  (each  motor) 


IC1  4011  CMOS  NAND  gate  IC 

R1  1-MQ  potentiometer 

Cl  0.01-  or  0.05-pF  capacitor 

D1,D2  1N4148  diode 

Q1  2N3055  power  transistor 

Misc.  Heatsink  for  Q1 

All  resistors  are  5-  to  10-percent  tolerance,  / 
watt.  All  capacitors  are  10-  to  20-percent 
tolerance,  rated  35  volts  or  more. 


Table  19-4.  Alternate  #2  motor 
control  circuit  parts  list  (each  motor) 


IC1,2  Sprague  UDN-2950Z  half-bridge  motor  driver 
1  Speed  control  circuit  (minus  drive  transistor)  from  Fig.  19-4  or  19-5 


but  do  not  apply  power  to  the  motor  control  circuit.  Rotate  the  hangers  on  each  mo¬ 
tor  so  that  the  beam  is  deflected  from  mirror  1  to  2  to  3. 

Fine-tune  the  alignment  by  rotating  each  motor  90°.  The  misalignment  inherent 
in  the  mirror  mounting  should  displace  the  beam  on  the  mirrors.  Avoid  fall-off,  where 
the  beam  skips  off  the  mirror.  Beam  fall-off  causes  a  void  in  the  spiral  when  the  mo¬ 
tors  turn. 

If  you  cannot  align  the  motors  so  that  the  beam  never  falls  off  the  mirrors,  check 
the  gap  between  the  mirrors  and  pennies.  Place  the  motor  with  the  largest  gap  at  the 
end  of  the  chain  as  motor  number  3.  If  beam  fall-off  is  still  a  problem,  try  mounting  a 
mirror  and  penny  on  a  new  motor. 

Place  all  three  switches  to  their  center  position  and  apply  power  to  the  motor 
control  circuit.  Flick  switch  #1  up  or  down  and  rotate  the  potentiometer.  The  motor 
should  turn.  If  the  motor  whines,  but  refuses  to  turn,  flick  the  switch  off,  turn  the  pot 
all  the  way  on,  and  reapply  power.  The  motor  should  turn. 

Test  the  speed  control  circuit  by  turning  the  pot.  The  motor  should  slow  down 
by  an  appreciable  amount  (you’ll  hear  the  decrease  in  speed).  If  nothing  happens, 
double-check  your  work.  A  motor  that  won’t  change  speed  could  be  caused  by  im¬ 
proper  wiring  or  a  bad  transistor.  A  blown  transistor  could  cause  the  motor  to  spin  at 
about  a  constant  80  percent  of  full  speed.  Next  reverse  the  motor  by  moving  the 
switch  to  the  opposite  position.  The  motor  should  momentarily  come  to  a  halt,  turn 
in  its  tracks,  and  go  the  other  way. 

Turn  the  first  motor  off  and  repeat  the  testing  procedure  for  the  other  two.  Af¬ 
ter  all  motors  check  out,  turn  them  back  on  and  point  the  #3  mirror  so  that  the  beam 
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falls  on  a  wall  or  screen.  Watch  the  spiral  light  form  as  all  three  motors  turn.  Do  you 
notice  any  beam  fall-off?  If  so,  stop  all  the  motors  and  readjust  them.  Note  that  the 
motors  vibrate  a  great  deal  at  full  speed,  and  that  can  cause  them  to  go  out  of  align¬ 
ment.  When  you  get  the  motors  aligned  just  right,  tighten  the  hangers  to  prevent 
them  from  coming  loose. 

Test  the  different  types  of  light  forms  you  can  create  by  turning  off  the  #1  motor 
and  using  just  #2  and  #3.  Depending  on  how  the  direction  is  set  on  the  motors,  you 
should  see  an  “orbiting  atom”  shape  on  the  screen,  as  depicted  in  Fig.  19-8.  If  the 
form  looks  more  like  constantly  changing  ellipses,  reverse  the  direction  of  one  of  the 
motors.  Adjust  the  speed  control  on  both  motors  and  watch  the  different  effects  you 
can  achieve.  Now  try  the  same  thing  with  motor  #1  and  #3  on.  Try  all  the  combina¬ 
tions  and  note  the  results. 


19-8  The  “atom”  laser  lightform  made  with  the  “Spirograph”  device.  Another  lightform  pro¬ 
duced  by  the  “Spirograph”  machine,  this  one  with  two  motors  spinning  at  greatly  different 
rates  in  opposite  directions. 


What  happens  if  the  light  form  doesn’t  show  up  or  appears  veiy  small — even  when 
the  screen  is  some  distance  from  the  light  show  device?  This  can  occur  if  the  mirror  is 
precisely  aligned  with  the  rotation  of  the  motor.  Although  this  is  rare  using  the  con¬ 
struction  technique  outlined,  it  can  happen.  You  can  see  how  much  each  motor  con¬ 
tributes  to  the  creation  of  the  light  form  by  turning  on  each  one  in  turn.  You  should  see 
a  fairly  well-formed  circle  on  the  screen.  The  mirror  is  too  precisely  aligned  if  a  dot  ap¬ 
pears  instead  of  the  circle.  Replace  the  mirror  and  motor  and  tiy  again. 
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Notice  that  the  size  of  the  circle  does  not  depend  on  where  the  beam  strikes  the 
mirror.  The  circle  is  the  same  size,  whether  the  beam  hits  the  exact  center  of  the 
mirror  or  its  edge. 

Notes  on  using  and  improving  the  "Spirograph"  device 

Here  are  some  notes  on  how  to  get  the  most  from  the  spiral  light-form  device: 

•  Keep  the  mirrors  clean  and  free  of  dust  or  the  light  forms  will  appear 
streaked  and  blurred. 

•  Never  adjust  the  position  of  the  motors  when  they  are  turning.  The  mirrors 
are  positioned  close  together,  and  moving  the  motors  could  cause  the  glass 
to  touch.  The  mirrors  will  then  shatter  and  fragments  of  glass  will  fly  in  all 
directions.  It  is  a  good  idea  to  use  protective  goggles  when  adjusting  and 
using  the  spiral  light-show  device. 

•  Cheap  dc  motors,  such  as  those  used  in  this  project,  make  a  lot  of  noise.  You 
might  want  to  use  higher-quality  motors  if  you  plan  on  using  the 
“Spirograph”  maker  in  a  light  show.  Get  ones  with  bearings  on  the  shaft.  You 
can  also  place  the  device  in  a  soundproof  box.  Provide  a  clear  window  for 
the  beam  to  come  out. 

•  The  “Spirograph”  device  is  designed  for  manual  control.  With  the  right 
interface  circuit,  you  can  easily  connect  it  to  a  computer  for  automated 
operation.  The  motor-direction  and  speed-control  circuit  used  in  this  project 
is  similar  to  the  robotic  control  schemes  outlined  in  my  book  Robot  Builder's 
Bonanza.  Refer  to  it  for  ideas  on  how  to  control  motors  via  computer. 

•  You  can  obtain  even  more  light  forms  by  adding  a  fourth  motor.  Try  it  and 
see  what  happens. 

•  Don’t  be  shy  about  turning  some  of  the  motors  off.  Some  of  the  most 
interesting  effects  are  achieved  with  just  two  motors. 

Sound-modulated  mirrors 

In  the  early  1970s,  during  the  psychedelic  light-show  craze,  Edmund  Scientific  Com¬ 
pany  offered  an  unusual  device  that  transformed  music  into  a  dancing  beam  of  light. 
The  system,  called  MusicVision,  was  simple:  Thin  front-surface  mirrors  were  at¬ 
tached  to  a  sheet  of  surgical  rubber.  The  rubber  sheet  was  then  pulled  taut  across 
the  front  of  an  8"  or  10"  woofer.  A  projector  was  positioned  off  to  one  side  so  that  it 
cast  one  or  more  beams  on  the  mirrors  mounted  on  the  rubber. 

When  the  hi-fi  was  turned  on,  the  speaker  would  move,  vibrating  the  rubber 
sheet  and  causing  the  mirrors  to  bob  up  and  down.  The  beam  of  light  from  the  pro¬ 
jector  would  follow  the  mirror,  projecting  an  undulating  and  constantly  changing  pat¬ 
tern  on  a  wall  or  the  back  side  of  a  rear-projection  screen.  A  filter  wheel  added  color 
to  the  light  shapes,  which  then  colorfully  bounced  and  jumped  in  time  to  the  music. 

Imagine  what  would  happen  if  you  replaced  the  projector  and  color  wheel  with 
a  laser.  Point  the  thin  beam  of  a  laser  at  the  mirror  and  you  get  a  projected  image  of 
it  on  the  wall  doing  a  dance.  There  are  numerous  ways  to  build  sound-modulated 
mirror  systems.  The  following  sections  cover  just  a  few  of  them;  you  are  free  to  ex¬ 
periment  and  come  up  with  some  of  your  own. 
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The  old-rubber-sheet-over-the-speaker  trick 

A  simple,  yet  effective,  light-show  instrument  can  be  made  using  a  small  mirror,  a 
sheet  of  rubber,  and  a  discarded  peanut  can.  This  design,  with  parts  indicated  in 
Table  19-5,  comes  from  laser  light  show  designer  and  consultant  Jeff  Korman,  who 
calls  it  “PeanutVision.”  Using  an  all-purpose  adhesive,  mount  a  thin  front-surface 
mirror  (measuring  approximately  lA"  in  diameter)  onto  a  6"  square  sheet  of  surgical 
rubber. 


Table  19-5.  Peanut  vision  parts  list 


1  Planters  (or  similar)  peanut  can,  measuring  approx.  4  inches  in  diameter  by  33A  inches 
tall 

1  2-  to  3-inch  diameter  speaker 

1  Latex  rubber;  approximately  6  inches  square 
1  Thin  /4-inch  diameter  front-surface  mirror 
1  Rubber  band 


Surgeon’s  gloves  (available  at  many  surplus  stores)  are  a  good  source  of  surgical 
rubber,  but  a  better  choice  is  to  use  flat  squares  of  the  stuff.  Check  an  industrial  sup¬ 
ply  outlet  and  don’t  be  afraid  to  improvise.  If  the  rubber  dates  some  time  back,  how¬ 
ever,  check  to  be  sure  it’s  still  in  its  protective  wrapper.  The  rubber  dries  out  in  time 
when  exposed  to  air.  In  a  pinch,  you  can  get  by  using  the  rubber  from  balloons,  but 
if  possible,  use  thin-walled  balloons. 

While  waiting  for  the  adhesive  to  dry,  drill  5  to  10  small  holes  in  the  metal  end  of 
a  peanut  can.  Mount  a  3"  round  speaker  over  the  holes.  Use  small  hardware,  epoxy, 
or  glue  to  hold  the  speaker  in  place. 

Stretch  the  rubber  over  the  open  end  of  the  can.  Pull  the  rubber  tight  while  mak¬ 
ing  sure  that  the  mirror  is  placed  in  the  approximate  center  of  the  opening.  Wrap  one 
or  more  rubber  bands  around  the  sheet  to  secure  it,  as  indicated  in  Fig.  19-9.  Solder 
a  pair  of  wires  to  the  speaker  terminals  and  connect  the  leads  to  a  low-wattage 
stereo  or  hi-fi.  Unless  you  use  a  high-capacity  rated  speaker,  don’t  connect  it  to  a 
stereo  system  that  delivers  more  than  a  few  watts — otherwise  you’ll  burn  out  the 
voice  coil  in  the  speaker. 

Connecting  the  light  show  speaker  in  parallel  with  the  main  speakers  of  the  hi-fi 
reduces  the  chance  of  burnout,  but  it  also  changes  the  output  impedance  and  might 
affect  the  sound.  Instead  of  the  usual  8Q  of  impedance  of  regular  hi-fi  speakers, 
adding  the  light  show  instrument  in  parallel  reduces  the  output  impedance  to  4£2 
(assuming  you  use  an  8-L2  speaker  in  the  light  show  instrument).  This  generally 
causes  no  damage,  but  the  sound  quality  of  the  stereo  could  be  affected. 

Use  the  sound-modulated  mirror  system  by  attaching  it  to  a  swivel  mount  and 
frame.  Place  the  frame  in  front  of  the  laser  and  adjust  the  swivel  until  the  beam 
strikes  the  mirror  and  is  reflected  to  a  back  wall  or  screen.  The  further  the  wall  is 
from  the  instrument,  the  larger  the  beam  pattern  will  be.  You  can  also  control  pat¬ 
tern  size  by  adjusting  the  volume.  Again,  be  careful  that  you  don’t  turn  up  the  vol¬ 
ume  too  high,  or  the  speaker  could  be  ruined. 
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19-9  How  to  build  the  Peanut  Vision,  using  a  peanut  can,  rubber  sheet,  mirror, 
and  speaker. 

Enhancing  the  light  show 

Your  light  shows  look  even  better  if  you  are  the  proud  owner  of  an  argon,  krypton, 
green  He-Ne,  He-Cd,  or  other  non-red,  visible-light  gas  plasma  laser  tube.  The  argon 
and  krypton  lasers  produce  light  with  many  distinct  wavelengths.  These  are  main¬ 
lines  and  can  be  separated  by  using  an  equilateral  prism  or  dichroic  filters.  Send 
each  beam  to  a  different  PeanutVision  system.  An  argon  laser  with  its  488.0  and 
514.5  mainline  beams  separated  can  be  used  with  two  sound-modulated  mirrors.  Al¬ 
ter  the  appearance  of  the  light  forms  by  feeding  the  right  channel  to  one  mirror  and 
the  left  channel  to  the  other. 

Alternatively,  you  can  add  a  filter  to  the  sound  output  of  your  hi-fi  and  separate 
the  highs  from  the  lows.  Route  the  high-frequency  sounds  to  one  mirror  and  the  lows 
to  the  second  mirror.  Position  the  mirrors  so  that  the  beams  converge  on  the  screen. 
The  colors  will  appear  as  if  they  are  dancing  with  one  another.  Each  has  its  own 
dance  steps,  but  both  are  moving  together  to  the  beat  of  the  music. 

Direct  mirror  mounting 

Instead  of  mounting  the  mirror  on  a  sheet  of  surgical  rubber,  mount  it  directly  onto 
the  speaker  cone.  The  best  mounting  location  is  in  the  center,  above  the  voice  coil. 
If  the  mirror  is  thin  enough  (0.04"  or  so),  its  mass  won’t  overload  the  speaker  and  it 
should  vibrate  in  unison  with  the  sound. 

Frequency  response  using  this  mounting  technique  is  excellent — almost  the  fre¬ 
quency  response  of  the  speaker  itself.  Notice  that  higher-frequency  sounds  don’t 
move  the  speaker  cone  and  mirror  as  much  as  low-frequency  sounds,  so  the  visual 
beam  pattern  effect  is  more  marked  at  low  frequencies. 
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If  you  want  the  visuals  only  and  don’t  want  the  speaker  to  emit  sound,  you  can  re¬ 
duce  its  audio  output  by  carefully  cutting  away  the  cone  material.  Use  a  razor  blade  to 
cut  the  cone  at  the  outer  edges.  Next,  cut  out  the  inside,  where  the  cone  attaches  to 
the  voice  coil,  but  keep  the  spider — the  portion  attaching  the  voice  coil  to  the  frame 
of  the  speaker — intact.  The  electrical  connection  for  the  voice  coil  might  be  physically 
attached  to  the  outside  of  the  cone,  so  be  sure  to  leave  this  part  attached. 

The  speaker  will  still  produce  sound,  even  with  all  or  most  of  the  cone  removed. 
However,  the  sound  level  will  be  low  and  not  generally  audible  when  the  room  is  filled 
with  music  from  the  main  sound  system.  If  sound  from  the  speaker  is  a  problem,  mount 
it  in  a  small  wooden  box.  Fill  the  box  with  fiberglass  padding  (the  kind  made  for 
speaker  stuffing),  and  provide  a  clear  window  for  the  laser  beam.  Or,  you  can  make  the 
speaker  and  laser  self-contained  by  making  the  box  large  enough  for  the  tube.  Keep 
the  fiberglass  away  from  the  tube  and  add  one  or  two  small  holes  for  ventilation. 

The  soundproof  box  is  handy  if  you  are  controlling  the  beam  with  an  audio  os¬ 
cillator.  The  oscillator,  operating  under  your  control,  produces  a  buzzing  or  whining 
noise  that  is  distracting  when  accompanied  with  a  music  soundtrack.  With  the 
speaker  systems  stuffed  in  the  box,  the  oscillator  noise  will  be  largely  inaudible  (un¬ 
less  you  are  standing  right  to  the  box). 

Schematics  for  useful  audio  oscillators  appear  in  Figs.  19-10  and  19-11.  Both  os¬ 
cillators  produce  sinusoidal  ac  signals  that  cause  the  speaker  cone  to  move  both  in  and 
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19-10  Adjustable-frequency  sine-wave  oscillator.  For  lower-frequency  tones,  increase  the 
value  of  Cl  and  C2  (make  them  the  same).  R6  is  a  dual-ganged  1-MQ  precision  potentiometer. 
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19-11  How  to  build  a  sine-wave  generator  using  an  XR-2206  function  generator  IC. 

out  from  its  normal  centered  position  (a  waveform  that  is  positive  only  moves  the 
cone  all  the  way  out  but  not  in).  The  op-amp  circuit  shown  in  Fig.  19-10  is  the  cheap¬ 
est  to  build,  but  it  requires  a  healthy  assortment  of  parts.  The  circuit  in  Fig.  19-11  is 
based  around  the  versatile  Exar  XR-2206  monolithic  function  generator.  Many  mail¬ 
order  electronics  firms,  such  as  Circuit  Specialists,  offer  this  chip.  Its  higher  cost 
(about  $4  to  $5)  is  offset  by  the  minimum  number  of  external  components  required  to 
make  the  circuit  function.  Tables  19-6  and  19-7  include  parts  lists  for  the  generators. 


Table  19-6.  Op  amp  generator  sine  wave  generator  parts  list 


IC1  LM741  op  amp  IC 

R1,R2  10-k£l  resistor 

R5,R7 

R3  100-kQ  resistor 

R4  220-kQ  resistor 

R6  1-MQ  dual  precision  potentiometer 

C1,C2  0.1 -pF  silvered  mica  capacitor  (capacitors  must  be  closely  matched  for  best  op¬ 

eration) 

D1,D2  3.3-volt  zener  diode 


All  resistors  are  5-  to  10-percent  tolerance,  lA  watt.  All  capacitors  are  10-  to  20-percent  tolerance,  rated  35  volts  or 
more,  unless  otherwise  indicated. 
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Table  19-7.  Function  sine 
wave  generator  parts  list 


IC1 

R1.R2 

R3 

R4 

R5 

R6 

C1,C3,C4 

C2 


Exar  XR-2206  function  generator  IC 
4.7-kD  resistor 
100-kQ  potentiometer 
180-D  resistor 
1-kQ  resistor 
250-kQ  potentiometer 
1-pF  electrolytic  capacitor 
10-p.F  electrolytic  capacitor 


All  resistors  are  5-  to  10-percent  tolerance,  A  watt.  All 
capacitors  are  10-  to  20-percent  tolerance,  rated  35  volts  or 
more. 


Bell-crank  mounting 

Both  speaker  systems  outlined  previously  cause  the  mirror  to  bob  up  and  down, 
thereby  moving  the  beam  across  a  wall  or  screen.  Moving  the  apex  of  the  mirror  back 
and  forth — in  an  arc  motion — produces  better  pattern  effects.  You  can  build  a 
sound-modulated  mirror  system  using  a  speaker,  mirror,  and  a  model  airplane  plas¬ 
tic  bell-crank.  The  bell-crank  and  other  mounting  hardware  are  available  at  hobby 
shops  that  carry  radio  control  (R/C)  model  parts. 

You  can  use  the  speaker  as-is  or  remove  the  cone,  as  described.  Devise  the  crank 
and  mount,  as  shown  in  Fig.  19-12.  Use  a  gap-filling  cyanoacrylate  glue  to  bond  the 


19-12  One  way  to  attach  a  mirror  to  a  speaker.  The  bell  crank 
arrangement,  when  used  with  the  proper  lever/fulcrum  geometry, 
can  greatly  increase  the  deflection  of  the  mirror. 
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parts  to  the  metal  speaker  frame.  Note:  be  sure  the  bell  crank  and  other  model  parts 
are  not  made  of  Nylon;  these  don’t  adhere  well  to  any  glue. 

After  the  glue  used  to  attach  the  mirror  and  mount  has  set  (allow  at  least  30  min¬ 
utes),  secure  the  frame  of  the  speaker  to  a  tiltable  stand.  Position  the  speaker  so  that 
the  laser  beam  glances  off  the  mirror  at  a  45°  angle.  The  mirror  should  rock  the  beam 
right  and  left  (or  up  and  down,  depending  on  how  the  laser  and  speaker  are 
arranged).  Some  “sloppiness”  is  inherent  in  this  and  other  sound-modulated  mirror 
systems.  The  beam  will  not  trace  a  perfect  line  as  it  moves  back  and  forth. 

The  beam  pattern  using  just  one  mirror  is  more-or-less  one-dimensional.  You  can 
create  two-dimensional  patterns  using  two  mirror/speaker  systems.  Position  the  two 
speakers  at  90°  off-axis  to  one  another,  and  aim  the  laser  so  that  the  beam  strikes 
one  mirror  and  then  the  next. 

Sound  modulation  of  airplane  servos 

Radio-controlled  (R/C)  model  airplanes  use  motorized  servo  mechanisms  for  con¬ 
trolling  such  things  as  the  rudder,  ailerons,  and  landing  gear.  The  servos,  which  con¬ 
nect  to  a  central  receiver  onboard  the  craft,  consist  of  a  miniature  dc  motor,  a  control 
board,  a  potentiometer,  and  a  gear  reduction  system.  All  work  together  to  provide 
closed-loop  feedback,  a  system  where  the  position  of  the  servo  arm  is  known  and 
maintained  at  all  times. 

How  servos  work 

The  servo  operates  from  a  4.5-  to  8-Vdc  source.  That  provides  power  to  the  motor 
and  circuitry.  To  actuate  the  servo,  the  receiver  (acting  under  command  from  the  ra¬ 
dio-control  transmitter),  sends  a  series  of  pulses.  The  width  of  the  pulses  varies  from 
1.0  to  2.0  ms  and  determines  the  direction  and  distance  of  travel. 

When  a  pulse  is  received,  the  servo  circuit  actuates  the  motor,  which  turns  the 
gearing  system,  as  well  as  an  output  potentiometer.  The  position  of  the  potentiome¬ 
ter  wiper  indicates  the  position  of  the  servo  arm  (connected  to  some  linkage  on  the 
aircraft) .  The  servo  circuit  monitors  the  position  of  the  potentiometer  and  turns  off 
the  motor  when  the  pot  reaches  a  given  point.  Very  fine  movement — much  less  than 
1°  of  revolution — is  possible  with  most  servo  systems. 

Although  R/C  servos  are  meant  to  be  used  with  the  proper  type  of  receiver,  you 
can  rig  up  your  own  actuating  circuit  using  only  a  handful  of  components.  By  apply¬ 
ing  an  audio  input  to  the  circuit,  you  can  make  the  servos  dance  back  and  forth  to 
the  music.  Laser  light  is  deflected  by  a  mirror  mounted  on  the  end  of  the  servo  arm. 
Notice  that  servos  are  not  as  nimble  as  other  light-show  devices  (such  as  the  gal¬ 
vanometer  described  in  the  next  chapter),  but  they  can  be  used  to  create  interest¬ 
ing  “sweeping  scan”  effects.  Using  two  motors  placed  at  right  angles  to  one  another 
lets  you  create  two-dimensional  light  forms. 

Building  the  sound  servo  systems 

Figure  19-13  shows  the  circuit  for  the  sound-modulated  servo  (parts  list  in  Table 
19-8).  The  project  is  designed  around  the  556  IC,  a  dual  version  of  the  venerable  555 
timer  chip  (two  timers  in  one  integrated  circuit  package).  One  half  of  the  556  pro- 
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19-13  Schematic  diagram  for  operating  a  model  aircraft  servo  with  amplified  audio  signals. 


Table  19-8.  Sound- 
modulated  servo  parts  list 


IC1  LM556  dual  timer  IC 
R1  10-k£2  resistor 

R2  10-k£2  potentiometer 

R3  6.8-kQ  resistor 

R4  1 50-^  resistor 

Cl  0.1  -(liF  disc  capacitor 

C2  0.0 1-gF  disc  capacitor 
C3  2.2-pF  electrolytic  capacitor 
C4  1-pF  electrolytic  capacitor 

M 1  Servo  motor 

All  resistors  are  5-  to  10-percent  tolerance,  'A 
watt.  All  capacitors  are  10-  to  20-percent 
tolerance,  rated  35  volts  or  more. 


vides  a  series  of  pulses,  and  the  other  half  varies  the  width  of  the  pulses  based  on  the 
voltage  presented  at  the  modulation  input.  Potentiometer  R2  provides  a  threshold  ad¬ 
justment  that  lets  you  find  a  suitable  “mid-point”  where  the  servo  arm  swings  both 
clockwise  and  counterclockwise  when  music  is  applied  to  pin  3,  the  modulation  input. 
Most  R/C  servos  work  the  same  way,  but  a  few  odd-balls  can  present  problems. 
The  prototype  circuit  used  Aristo-Craft  Hi-Tek  HS-402X  servos,  which  are  low-cost 
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versions  of  the  popular  Futaba  servo  motor.  Capacitors  C4  and  C3,  with  resistor  R3, 
determine  the  pulse  width.  If  you  don’t  get  the  results  you  want  with  the  servo  you 
use,  try  varying  the  values  of  these  components. 

The  servo  has  three  color-coded  wires:  red,  white,  and  black.  The  red  and  black 
wires  are  the  positive  and  ground  leads,  respectively.  The  white  wire  is  the  pulse 
lead,  and  it  connects  to  the  output  of  the  circuit.  Build  two  identical  circuits  if  you 
are  controlling  a  pair  of  servo  motors. 

Using  the  sound  servo  system 

Connect  the  output  of  an  amplified  music  source  to  pin  3,  the  input  of  the  circuit  (a 
500-mW  to  1-watt  amplifier  provides  more  than  enough  power).  Connect  the  circuit 
to  the  servo  motor,  as  indicated  in  the  schematic.  Turn  up  the  volume  on  the  ampli¬ 
fier  and  watch  for  a  racking  motion  of  the  servo.  If  nothing  happens  or  the  servo  im¬ 
mediately  travels  to  the  far  end  of  its  rotation  and  stays  there,  adjust  R2  to  modify  the 
input  voltage.  If  the  servo  moves  to  one  extreme  and  makes  a  chattering  noise,  dis¬ 
connect  the  power  immediately.  The  chattering  is  caused  by  the  gears  in  the  gear 
train  skipping.  If  allowed  to  continue,  the  gears  will  strip  and  the  servo  will  be  useless. 

When  adjusted  properly,  the  servo  should  move  back  and  forth  in  syncopation 
with  the  music.  The  amount  of  movement  depends  on  the  relative  sound  level  of  the 
music.  The  servo  tends  to  react  more  to  low-frequency  sounds,  which  generally  have 
a  higher  power  content  than  higher-frequency  ones.  The  higher  the  volume,  the 
more  the  servo  will  wiggle  back  and  forth. 

Notice  that  the  frequency  response  of  the  servo  depends  on  the  amplitude  of  ro¬ 
tation.  The  more  the  servo  rotates,  the  lower  the  frequency  response.  If  the  servo  is 
allowed  to  swing  too  far  in  both  directions,  the  motor  won’t  respond  to  changes  in 
the  music  of  more  than  8  to  10  Hz.  When  the  motor  is  set  so  that  it  slightly  vibrates, 
frequency  response  is  increased  to  a  more  respectable  30  to  50  Hz. 

Mirror  mounting 

Your  local  hobby  store  should  stock  a  variety  of  plastic  and  hardware  items  that  can 
be  used  to  mount  a  suitable  mirror  on  the  servo.  The  output  shaft  of  the  servo  is  de¬ 
signed  to  accommodate  a  number  of  different  plastic  wheels,  armatures,  and  brack¬ 
ets.  You  can  glue  the  pieces  together  or  use  miniature  4/40  or  3/56  hardware  (or 
whatever  happens  to  be  handy).  Attach  the  mirror  to  the  bracket  using  epoxy. 

Positioning  the  servos 

Mount  the  servos  on  an  optical  breadboard  (as  covered  in  Chapter  7)  using  the  hard¬ 
ware  provided  with  the  servo  or  purchased  separately.  By  mounting  two  servos  at  a 
90°  angle  (one  vertical  and  one  horizontal)  and  positioning  the  mirrors  so  that  the 
beam  is  deflected  off  one  mirror  and  then  the  other,  you  gain  complete  control  of  the 
X  and  Y  coordinates  of  the  laser  beam.  If  you  provide  each  servo  with  a  slightly  dif¬ 
ferent  signal  (left  and  right  stereo  channels,  for  example),  you  can  create  unusual 
lithesome  patterns.  Using  active  or  passive  filtration,  you  can  divert  high-frequency 
sounds  to  one  servo  and  low-frequency  sounds  to  the  other. 

Remember  that  the  servo  is  not  really  sensitive  to  frequencies,  just  to  the  rela¬ 
tive  amplitude  of  the  music  generated  by  these  frequencies.  The  servos  respond  best 
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to  such  sounds  as  drums  and  bass  and  other  low-frequency,  short-duration  instru¬ 
ments.  Filter  these  out  with  a  circuit  that  rolls  off  at  about  300  to  500  Hz,  and  the 
servo  will  no  longer  respond  to  them,  but  act  on  the  amplitude  of  the  remaining  fre¬ 
quencies. 

One  of  the  best  advantages  of  the  sound-modulated  servo  system  is  that  it  doesn’t 
reproduce  the  music — unlike  the  speaker/mirror  light-show  instrument  detailed  ear¬ 
lier.  This  is  especially  important  if  you’re  putting  on  a  light  show.  It  can  be  disconcert¬ 
ing  to  an  audience  to  hear  the  squeaky,  raspy  sounds  of  the  speaker/mirror  system 
along  with  the  high  fidelity  of  the  auditorium  audio  system. 

Simple  scanning  systems 

Not  all  light-show  effects  are  designed  to  bob  with  the  music.  Some  effects  are  made 
by  scanning  the  beam  using  prisms,  mirrors,  mirror  balls,  and  other  rotating  reflect¬ 
ing  optics.  Depending  on  how  you  arrange  the  optical  components  and  the  laser,  you 
can  create  unique  “sheet”  and  “cone”  effects. 

A  sheet  is  a  one-dimensional  scan  where  the  pinpoint  laser  beam  is  spread  out  in 
a  wide  arc.  When  projected  on  a  screen,  the  beam  draws  out  a  long,  streaking  line.  A 
cone  is  a  three-dimensional  scan  where  the  beam  is  moved  both  up  and  down,  as  well 
as  right  and  left.  When  projected  on  a  screen,  the  beam  draws  a  circle  or  oval. 

You  need  an  extremely  powerful  laser  (100  mW  or  more)  to  see  the  scanning  ef¬ 
fect  in  mid  air;  then,  the  beam  is  most  visible  when  it  shoots  toward  you,  rather  than 
away  from  you.  As  an  example,  light-show  experts  rig  up  mirrors  or  fiberoptics  so 
that  the  rays  of  laser  light  are  directed  toward  the  audience.  Of  course,  the  beams 
are  aimed  so  that  they  don’t  actually  strike  anybody,  but  are  deflected  to  “beam 
stops” — flat-black  fabric  or  metal  baffles  that  prevent  the  beam  from  bouncing 
around  the  room. 

Unless  you  fill  the  room  with  smoke  or  fake  fog,  the  scanned  beam  from  a  10-mW 
He-Ne  is  invisible,  and  even  with  the  smoke  it  is  extremely  weak.  Details  on  adding 
smoke  are  in  Chapter  20,  “Advanced  Laser  Light  Shows.” 

Sheet  effects 

There  are  three  basic  ways  to  create  sheet-effect  scanned  images  (more  sophisti¬ 
cated  approaches  are  shown  in  the  next  chapter) . 

•  Reflect  the  beam  off  a  mirror  attached  to  the  shaft  of  a  motor,  as  shown  in 
Fig.  19-14.  The  arc  of  the  scan  is  approximately  170°  with  a  one-sided  mirror 
(silvered  on  one  side  only). 

•  Bounce  the  beam  off  a  holographic  scanner,  which  is  a  specialized  mirrored 
wheel  used  in  laser-based  supermarket  checkout  systems.  The  scanner  is  a 
wheel  with  mirrored  or  flat,  polished  edges.  The  number  of  facets  on  the 
outside  of  the  wheel  determine  the  arc  of  the  scan. 

•  Pass  the  beam  through  a  cylindrical  lens.  The  lens  expands  the  beam  in  one 
direction  only.  The  angle  of  the  arc  is  determined  by  the  focal  length  of  the 
lens.  Most  cylindrical  lenses  expand  the  beam  to  cover  a  90°  to  120°  arc. 

In  all  approaches,  the  intensity  of  the  beam  is  reduced  by  a  factor  determined  by 
the  arc  of  the  scan,  as  well  as  any  time  that  the  beam  is  stopped  or  blocked.  Beam  in- 
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tensity  is  reduced  the  most  with  the  one-sided  mirror  techniques.  If  you  were  to  slow 
down  the  motor  spinning  the  one-sided  mirror,  you’d  see  that  the  beam  is  not  re¬ 
flected  for  half  the  period  of  rotation  (that  is,  when  the  beam  strikes  the  back  of  the 
mirror).  When  the  reflective  side  of  the  mirror  faces  the  laser,  the  beam  is  directed 
outward  in  an  arc.  The  beam  intensity  along  the  arc  is  only  a  fraction  of  what  it  is 
when  the  beam  is  stationary. 

Holographic  scanners  must  be  precisely  mounted  on  the  motor  shaft.  Wobble  of 
the  scanning  wheel  causes  multiple  scan  lines  when  the  beam  is  projected.  The  mul¬ 
tiple  lines  might  be  desirable  when  using  certain  smoke  effects  because  the  width 
(not  arc)  of  the  scan  is  increased.  The  scan  width  increases  from  the  diameter  of  the 
actual  beam  to  the  distance  between  the  far  right  and  left  lines. 

The  cylindrical  lens  does  not  suffer  from  excessive  reduction  in  beam  intensity 
or  multiple  scan  lines.  The  beam  is  refractively  widened  into  an  arc  so  that  no  motors 
or  mirrors  need  be  used  to  provide  the  scanning  action.  The  only  requirement  of  the 
cylindrical  lens  is  that  its  focal  length  must  be  carefully  chosen  if  you  desire  a  spe¬ 
cific  scanning  arc. 


Motor 


Mirror  glued 
to  shaft 


Shaft 


19-14  Mount  a  mirror  on  the  shaft  of  a  small  do  motor  as  shown  to 
produce  a  sweeping  scan  effect. 


Cone  effects 

A  cone  effect  is  made  by  mounting  a  mirror  off-axis  on  the  shaft  of  a  motor.  A  simi¬ 
lar  mounting  technique  was  described  for  the  “Spirograph”  laser  light-show  device, 
detailed  at  the  beginning  of  this  chapter.  These  mirrors  are  mounted  slightly  off-axis 
to  produce  a  small  circle  shape  on  a  screen.  In  the  cone-scanning  system,  the  mirror 
is  mounted  at  a  greater  off-axis  angle  to  produce  a  larger  circle. 

Altering  the  speed  of  the  scan 

With  the  exception  of  the  cylindrical  lens  system,  the  scanning  systems  described 
here  use  motors  that  can  be  accelerated  or  decelerated,  as  desired  for  a  particular 
effect.  Beyond  a  certain  speed,  the  scanning  rate  is  not  detectable  to  the  human  eye 
and  further  speed  increase  is  not  necessary.  This  can  help  prolong  the  life  of  your 
motors,  as  well  as  make  the  light  show  system  quieter. 
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Both  the  one-sided  mirror  and  cone  systems  use  optical  components  that  could 
present  an  uneven  load  on  the  motor  shaft.  That  can  lead  to  excessive  noise  and 
wear  on  motors  that  are  not  equipped  with  shaft  bearings.  You  can  reduce  wear  and 
noise  by  decreasing  the  speed  of  the  motor  without  adversely  affecting  the  visual  ef¬ 
fects  of  the  scan.  Use  the  motor-speed  circuits  provided  earlier  in  this  chapter. 

Slow  “sweeping”  effects  can  be  achieved  by  reducing  the  motor  speed  to  a  crawl. 
Most  speed-control  circuits  cannot  slow  down  a  motor  beyond  a  certain  point  with¬ 
out  stalling  the  motor  or  causing  the  shaft  to  jerk  instead  of  turn  smoothly.  If  you 
can’t  get  the  motor  to  turn  slowly  enough,  consider  adding  a  gear-reduction  system 
to  decrease  the  rotation  of  the  mirror. 

Sweeping  scans  can  also  be  created  using  R/C  servos.  Even  at  top  speed,  the 
scan  of  one  servo  is  slow  enough  to  see,  so  the  beam  appears  as  a  comet  with  a 
streaking  tail.  For  a  repetitive  sweep,  the  servo  circuit  described  earlier  requires  a 
low-frequency  sinusoidal  waveform.  The  oscillators  depicted  back  in  Figs.  19-10  and 
19-11  are  excellent  tone  sources  for  the  servos. 
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CHAPTER 

Advanced  laser  light  shows 


Want  to  put  on  a  neighborhood  light  show  that  will  dazzle  your  friends  and  family? 
Considering  going  into  the  professional  laser  light-show  business?  Or  just  interested 
in  experimenting  with  new  art  forms?  The  projects  described  in  this  chapter  can 
turn  you  into  a  light-show  wizard.  You’ll  learn  how  to  make  complex  geometric  pat¬ 
terns  using  devices  known  as  galvanometers.  You’ll  also  find  details  on  making  your 
own  galvanometers  and  the  basics  of  how  to  effectively  use  argon  and  krypton  lasers 
in  light  shows.  Finally,  this  chapter  provides  important  information  on  restrictions 
and  rules  governing  public  light  shows. 

Where  to  have  a  light  show 

Before  covering  the  hows  of  advanced  light  shows,  take  a  moment  to  examine  where 
to  have  them.  Your  choice  of  location  goes  a  long  way  toward  the  overall  enjoyment 
of  the  show  and  the  ease  with  which  you  can  produce  it.  You  must  consider  the  size 
of  the  room  or  auditorium,  the  location  of  screens  or  backdrops,  the  degree  of  light¬ 
proofing  for  doors  and  windows,  and  several  other  factors. 

Even  high-powered  lasers  look  dim  when  they  are  used  to  create  flashing  beams 
and  undulating  light  forms  on  the  screen.  A  truly  professional  light  show  uses  high- 
powered  2-  to  5-watt  argon  and  krypton  lasers  that  cost  $15,000  to  $35,000.  Unless 
you  find  one  of  these  that  has  fallen  off  some  truck  (in  which  case  you  probably  don’t 
want  it),  you’ll  be  using  a  trusty  red  helium-neon  laser  for  your  light  shows.  The 
higher  the  output  of  the  laser,  the  brighter  the  beam.  However,  a  10-mW  laser  might 
not  necessarily  appear  twice  as  bright  as  a  5-raW  laser.  Beyond  a  certain  level,  the 
eye  can  no  longer  discern  brightness.  But  the  higher-output  tube  will  deliver  more 
light  as  the  beam  is  swept  across  the  screen. 

Speaking  of  screens,  you  must  provide  some  type  of  light-colored  background  or 
the  laser  beam  might  not  be  clear  or  easy  to  see.  A  beaded  glass  screen  designed  for 
movie  projection  is  not  a  good  idea  because  the  little  beads  of  glass  act  as  prisms  and 
mirrors.  Not  only  will  the  beam  be  reflected  back  into  the  audience,  it  will  appear 
fuzzy  because  of  dispersion  inside  the  glass. 


291 


292  Chapter  20 


Any  light-colored  wall,  preferably  one  painted  with  flat  white  paint,  will  do.  If 
such  a  wall  is  not  handy,  bring  one  in  the  form  of  a  well-pressed  sheet,  a  piece  of  pho¬ 
tographic  background  paper  (this  stuff  comes  in  convenient  rolls),  or  a  scenery  flat. 
A  flat,  used  in  live  theater,  is  a  piece  of  painted  muslin  stretched  taut  in  a  wood 
frame.  The  flat  is  lightweight,  but  its  size  makes  it  hard  to  transport. 

Obviously,  the  room  or  auditorium  must  be  large  enough  to  accommodate  the 
number  of  people  attending  the  show,  but  it  must  also  be  spacious  enough  to  allow 
the  light-show  pattern  to  spread  to  a  respectable  size.  The  distance  between  the 
laser  and  the  projection  surface  is  called  the  throw.  The  longer  the  throw,  the  larger 
the  light-show  image.  An  image  that  is  1'  high  at  a  distance  of  6'  will  measure  2'  high 
at  a  throw  distance  of  12'.  An  easy  rule  is  that  every  time  you  double  the  throw,  the 
image  size  increases  by  100%. 

Because  the  laser  beam  is  so  compact,  the  effects  of  the  inverse  square  law  are 
minimized  (recall  from  Chapter  3  that  the  inverse  square  law  requires  the  intensity  of 
light  to  fall  off  50%  for  every  doubling  of  light-to-subject  distance).  It  doesn’t  really 
matter  if  the  laser  is  10'  from  the  wall  or  20',  but  remember  the  effects  of  a  long  throw. 
Too  much  distance  can  cause  the  light-show  patterns  to  fan  out  excessively.  Beam  di¬ 
vergence  also  becomes  a  problem  at  long  distances.  A  laser  beam  with  a  divergence 
of  two  milliradians  will  diverge  to  a  spot  approximately  2"  in  diameter  at  80'. 

How  will  you  seat  the  audience?  The  conventional  chairs-facing-the-screen  seat¬ 
ing  arrangement  is  only  marginally  useful  in  laser  light  shows.  Projecting  the  laser 
beam  like  a  movie  image  requires  that  the  laser  projector  be  placed  high  above  the 
audience,  and  your  room  might  not  easily  allow  for  this. 

Experimenting  with  galvanometers 

Professional  light  shows  don’t  use  R/C  servos  or  stepper  motors  as  laser  beam  scanners. 
Rather,  they  use  a  unique  electromechanical  device  called  the  galvanometer.  A  gal¬ 
vanometer  ( galvo ,  for  short)  provides  fast  and  controllable  back-and-forth  oscillation. 
Mount  a  mirror  on  the  side  of  the  shaft  and  the  reflected  light  forms  a  streak  on  the  wall. 
Position  two  galvanometers  at  a  90°  angle,  apply  the  right  kind  of  signal,  and  you  can 
project  circles,  ovals,  spirals,  stars,  and  other  multi-dimensional  geometric  shapes. 

What  is  a  galvanometer? 

Most  electronics  buffs  are  familiar  with  the  basic  galvanometer  movement  of  an  ana¬ 
log  meter.  The  design  of  the  movement  is  shown  in  Fig.  20-1.  A  coil  of  wire  is  placed 
in  the  circular  gap  of  a  magnet.  Applying  current  to  the  coil  causes  it  to  turn  within 
the  electromagnetic  field  of  the  magnet.  The  amount  of  turning  is  directly  propor¬ 
tional  to  the  amount  of  current  that  is  applied.  The  needle  of  the  meter  is  attached 
to  the  coil  of  wire. 

Some  meter  movements  are  designed  so  that  the  needle  rests  in  the  center  of 
the  scale.  Applying  a  positive  or  negative  voltage  swings  the  needle  one  direction  or 
the  other.  Assume  that  at  full  deflection  the  meter  reads  +  and  -5  volts.  When 
charged  with  +5  volts,  the  needle  swings  all  the  way  to  the  right.  When  charged  with 
-5  volts,  the  needle  sways  all  the  way  to  the  left.  Current  under  5  volts  (positive  or 
negative)  causes  the  needle  to  travel  only  part  way  right  or  left. 
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20-1 

The  basic  operation  of  the 
galvanometer. 


Meter  movements  are  designed  for  precision  and  are  not  capable  of  moving 
much  mass.  But  by  using  a  stronger  magnet  and  a  larger  coil  or  wire,  a  galvanometer 
can  be  made  to  motivate  a  larger  mass.  Heavy-duty  scanning  galvanometers  are  of¬ 
ten  made  to  actuate  the  needles  in  chart  recorders  and  they  have  more  than  enough 
“oomph”  to  rack  a  small  first-surface  mirror  back  and  forth.  Some  galvo  manufactur¬ 
ers,  most  notably  General  Scanning,  make  units  specifically  designed  for  high-speed 
laser  light  deflection.  These  are  best  suited  to  laser  light-show  applications,  but  their 
cost  is  enormous.  Surplus  galvanometers,  available  from  several  sources,  including 
Meredith  Instruments  and  General  Science  &  Engineering,  cost  from  $50  to  $150  a 
piece;  new  high-speed  models  cost  upwards  of  $350. 

You  can  use  either  commercially  made  galvanometers  for  the  projects  that  follow 
or  make  your  own  using  small  hobby  dc  motors.  Be  aware  that  commercially  made 
galvos  work  much  better  than  homemade  types,  but  if  you  are  on  a  budget  and  sim¬ 
ply  want  to  experiment  with  making  interesting  light-show  effects,  the  dc  motor  ver¬ 
sion  will  be  more  than  adequate. 

Using  commercially  made  galvos 

Figure  20-2  shows  a  typical  commercially  made  galvanometer.  The  General  Scanning 
model  GVM-735  galvanometers  illustrated  in  the  picture  are  actually  “Cadillacs”  among 
scanners,  so  the  units  are  not  representative  of  typical  quality.  There  are  other  makers 
of  fine  galvanometers,  including  C.E.C.,  Minneapolis-Honeywell,  and  Midwestern. 

Galvanometers  carry  a  number  of  specifications  that  you  can  use  to  judge  qual¬ 
ity,  versatility,  and  practicality.  Among  the  most  useful  specifications  are: 

•  Rotation  The  amount  of  deflection  of  the  shaft,  in  degrees.  Usually  stated 
in  both  +  and  -  about  a  center  point.  A  deflection  of  10  to  20°  is  fine  for 
light-show  applications. 

•  Natural  frequency  Often  stated  as  the  resonance  frequency,  in  hertz,  and 
provides  an  indication  of  top  speed.  Most  galvo  applications  call  for  a  top 
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frequency  of  80%  of  the  resonance  frequency.  For  example,  with  a 
resonance  frequency  of  225  Hz,  top  operating  frequency  is  about  180  Hz. 

•  Rotor  inertia  The  measurement  of  the  ability  to  move  mass.  A  higher 
inertia  means  the  galvanometer  can  move  a  greater  amount  of  mass.  The 
rotor  inertia  is  relatively  small — 1  to  2  g/cm2,  but  it’s  sufficient  to  move  a 
small,  mounted  mirror. 

•  Coil  resistance  The  resistance,  in  ohms,  of  the  drive  coil.  Helpful  in 
designing  and  applying  drive  circuits. 

•  Operating  voltage  Nominal  and/or  maximum  operating  voltage,  typically 
12  volts.  Also  useful  in  designing  and  using  drive  circuits. 

•  Power  consumption  The  power  consumption,  in  milliamps  or  amps,  of  the 
galvanometer,  typically  under  worst-case  conditions  (full  rotor  deflection, 
full  voltage,  etc.).  The  drive  circuit  you  use  must  be  able  to  deliver  the 
required  current. 

Driving  galvanometers 

Galvanometers  can  be  driven  in  a  variety  of  ways,  including  power  op  amps,  audio 
amplifiers,  and  transistors.  A  basic,  no-frills  drive  circuit  appears  in  Fig.  20-3  (refer 


20-2  A  commercially  made  precision  galvanometer. 
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Q1  and  Q2  must  be  on  Use  supply  voltage  to  complement 
heasinks!  galvanometer;  up  to  ±  18  VDC. 

20-3  Driver  circuit  for  operating  a  galvanometer  from  line-level  audio  source.  You  can  build 
two  circuits  to  control  two  galvanometers. 


to  Table  20-1  for  a  parts  list).  The  input  can  be  an  audio  signal  from  the  LINE  OUT  jack 
of  a  hi-fi  or  an  unamplified  input  from  a  frequency  generator  (more  on  these  later) . 
You  can  apply  an  amplified  signal  to  the  input  of  the  drive  circuit,  but  the  op  amp  will 
clip  the  output  if  the  input  is  excessively  high. 


Table  20-1. 

Galvanometer  drive  parts  list 


IC1  LM741  op  ampIC 

R1,R2,  1-kQ  resistor 

R5,R6 

R3  10-kQ  potentiometer 

R4  10-kQ  resistor 

Q1  TIP31  NPN  transistor 

Q2  TIP32  PNP  transistor 

J1  14-inch  jack 

G 1  Galvanometer 

Misc.  Heatsinks  for  Q1  and  Q2 


All  resistors  are  5-  to  10-percent  tolerance,  14  watt. 
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The  two  drive  transistors,  a  complementary  pair  consisting  of  TIP31  and  TIP32 
power  types  mounted  on  heatsinks,  interface  the  output  of  the  op  amp  to  the  coil  of 
the  galvanometer.  The  circuit  works  with  a  variety  of  voltages  from  ±5  to  ±18  volts. 
Most  scanners  operate  well  with  supply  voltages  of  between  ±5  and  ±12  volts.  Check 
the  specifications  of  your  galvanometers  and  be  sure  that  you  don’t  exceed  the  rated 
voltage. 

If  anything,  operate  the  galvos  at  a  reduced  voltage.  They  will  still  operate  satis¬ 
factorily,  but  the  rotor  might  not  deflect  the  full  amount.  This  is  not  a  problem  for 
most  applications,  including  laser  light  shows,  where  full  deflection  is  not  always  de¬ 
sired.  One  by-product  of  full  deflection  is  a  “ringing”  that  occurs  when  the  rotor  hits 
the  stop  at  the  ends  of  both  directions  of  travel.  The  ringing  appears  in  the  laser  light 
form  as  glitches  or  double-streaks. 

To  make  two-dimensional  shapes,  you  need  two  galvanometers  positioned  90° 
apart,  as  illustrated  in  Fig.  20-4.  Mount  mirrors  on  the  shafts  using  aluminum  or 
brass  tubing.  Add  a  set  screw  (see  Fig.  20-5)  so  that  you  can  tighten  the  mirror 
mounts  on  the  rotor  shaft  of  the  galvanometer. 


20-4  How  to  arrange  two  galvanometers  to  achieve  full  X  and  Y  axis  deflection.  Place  the 
mirrors  of  the  galvanometers  close  together  to  counter  the  effects  of  beam  deflection. 

You  can  use  any  number  of  mounting  techniques  to  secure  the  galvos  to  an  opti¬ 
cal  breadboard  or  table,  but  the  mounts  you  use  must  be  sturdy  and  stable.  Vibra¬ 
tions  from  the  galvos  can  be  transferred  to  the  mounts,  which  can  shake  and  disturb 
the  light  forms.  Build  a  separate  drive  circuit  for  both  galvanometers  and  enclose  it 
in  a  project  box  (or  you  can  include  the  driver  circuit  in  a  larger  do-everything  light- 
show  console) .  I  built  the  prototype  drive  circuit  on  a  universal  breadboard  PC  board 
and  had  plenty  of  room  to  spare.  The  enclosure  measured  4 %"  x  7%"  x  2%".  Sub- 
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Galvo  shaft 


20-5 

You  can  mount  a  thin  front- 
surface  mirror  to  the 
galvanometer  shaft  using  an 
aluminum  spacer  that  has  been 
filed  down. 


miniature  %"  phone  jacks  were  provided  for  the  audio  inputs  and  scanner  outputs 
and  potentiometers  were  mounted  for  easy  control  of  the  input  level. 

To  test  the  operation  of  the  galvanometers  and  drive  circuits,  plug  in  the  light  and 
left  channels  of  the  hi-fi  and  turn  the  gain  controls  (R1  for  both  drives)  all  the  way  up. 
The  galvos  should  shake  back  and  forth  in  response  to  the  music.  Shine  a  laser  beam 
at  the  mirrors  so  that  the  light  bounces  off  one,  is  deflected  by  the  other,  and  projects 
on  the  wall.  The  light  forms  you  see  should  undulate  in  time  to  the  music. 

Providing  an  audio  source 

The  preceding  test  only  lets  you  check  the  operation  of  your  galvanometer  setup. 
With  the  arrangement  detailed,  the  light  form  will  always  be  squeezed  into  a  fairly 
tight  line  that  crawls  up  and  down  the  wall  at  a  45°  angle.  Full  flexibility  of  a  pair  of 
galvanometers,  physically  set  apart  90°,  requires  an  audio  source  that  has  two  com¬ 
ponents — both  of  which  are  set  90°  apart  in  phase. 

Audio  signals  are  sine  waves,  and  sine  waves  are  measured  not  only  by  fre¬ 
quency  and  amplitude  but  by  phase.  The  phase  is  measured  in  degrees  and  spans 
from  0  to  360°.  Figure  20-6  shows  two  sine  waves  set  apart  90°.  Notice  that  the  sec¬ 
ond  wave  is  a  quarter  step  (90°)  behind  the  first  one. 

If  you  could  somehow  delay  the  sound  coming  from  one  channel  of  your  stereo, 
you  can  broaden  the  45°  line  into  a  full  two-dimensional  shape.  The  closer  the  delay 
is  to  90°  out  of  phase,  the  more  symmetrical  the  light  form  will  be.  Imagine  a  pure 
source  of  sine  waves — a  sine-wave  oscillator.  The  oscillator  is  sending  out  waves  at  a 
frequency  of  100  Hz.  It  has  two  output  channels  called  sine  and  cosine.  Both  chan¬ 
nels  are  linked  so  they  run  at  precisely  the  same  frequency,  but  the  cosine  channel 
is  delayed  90°.  The  lightform  projected  on  the  screen  is  now  a  perfect  circle. 

The  circuit  in  Fig.  20-7  provides  such  a  two-channel  oscillator.  Two  controls  al¬ 
low  you  to  change  the  frequency  and  “symmetry”  of  the  sine  waves.  The  symmetry 
(or  phase)  control  counters  the  destabilizing  effects  caused  by  rotating  the  fre¬ 
quency  knob.  This  circuit,  with  parts  list  provided  in  Table  20-2,  is  designed  so  that 
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20-6  Two  sine  waves;  the  bottom  wave  is  delayed  90  degrees  from  the  top  wave. 


Jl 


Cosine  output 


Sine  output 


20-7  One  way  to  implement  a  sine/cosine  audio  generator  for  operating  two  galvanometers. 


the  resistors  and  capacitors  are  the  same  value.  Changing  the  value  of  one  resistor 
throws  off  the  balance  of  the  circuit,  and  the  symmetry  control  helps  rebalance  it. 
Notice  that  the  frequency  and  symmetry  controls  provide  a  great  deal  of  flexibility  in 
the  shape  of  the  projected  beam.  Fiddling  with  these  two  potentiometers  allows  you 
to  create  all  sorts  of  different  and  unusual  light  forms. 
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Table  20-2.  Sine/cosine 
generator  parts  list 


IC1 

LM747  dual  op  amp  IC 

R1 

10-kQ  potentiometer 

R2,R3 

1.2-kQ  resistor 

R4 

5K-Q  potentiometer 

R5 

1-kQ  resistor 

C1-C3 

1-pF  electrolytic  capacitor 

J1,J2 

l^-inch  miniature  phone  jack 

The  circuit  is  designed  around  the  commonly  available  747  dual  op  amp  (two 
LM741  op  amps  in  one  package).  You  can  use  almost  any  other  dual  op  amp,  such  as 
the  LM1458  or  LF353,  but  test  the  circuit  first  on  a  breadboard.  For  best  results,  use 
a  dual  op  amp. 

You  can  obtain  even  more  outlandish  light  forms  when  combining  the  sine  and 
cosine  signals  from  two  separate  oscillator  circuits.  On  a  perf  board,  combine  two  os¬ 
cillators  using  two  LM741  op  amps.  An  overall  circuit  design  is  shown  in  Fig.  20-8. 


To  galvo 
driver  A 


To  galvo 
driver  B 


20-8  A  schematic  for  designing  a  two-channel  sine/cosine  audio  generator,  with  dual  op  amp  mixers  (note: 
use  separate  op  amps  for  the  mixers). 
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One  set  of  switches  allows  you  to  turn  either  oscillator  on  and  off  and  the  input  con¬ 
trols  let  you  individually  control  the  amplitude  from  each  sine/cosine  channel  (for  a 
total  of  four  inputs).  A  parts  list  for  the  general  circuit  is  in  Table  20-3. 


Table  20-3.  Complete 
light-show  circuit  parts  list 


2  Sine/Cosine  generators 

IC1,IC2  LM741  op  ampIC 
R1,R2 

R6,R7  10-kQ  potentiometer 

R3,R4 

R8,R9  1-kQ  resistor 

R5  ,R  1 0  1 0-k£2  resistor 

J 1 ,  J2  /4-inch  miniature  phone  jack 

SI -S3  DPDT  switch 

All  resistors  are  5-  to  10-percent  tolerance,  lA  watt. 


The  switch  lets  you  flip  between  mixing  the  sine  inputs  together  or  criss-cross¬ 
ing  them  so  that  the  sine  channel  of  one  oscillator  is  mixed  with  the  cosine  of  the 
other  oscillator,  and  vice  versa. 

•  When  the  switch  is  in  the  “pure”  position  (A) — sine  with  sine  and  cosine 
with  cosine — you  obtain  rounded-shape  designs,  such  as  spirals,  circles,  and 
concentric  circles. 

•  When  the  switch  is  in  the  “cross-cross”  position  (B) — sine  with  cosine  for 
both  channels — you  obtain  pointed  shapes,  such  as  diagonals,  stars,  and 
squares. 

Like  the  drive  circuit,  you  should  place  the  oscillator,  with  all  its  various  poten¬ 
tiometers,  in  a  project  box  or  tuck  it  inside  a  console.  Provide  two  Y&"  jacks  for  the 
outputs  for  the  two  galvos. 

Using  the  oscillator 

Connect  the  outputs  of  the  oscillator  to  the  inputs  of  the  drive  circuit.  Apply  power 
to  both  circuits  and  rotate  the  mixer  input  controls  (Rl,  R2,  R6,  and  R7)  to  their  fully 
on  positions.  Flick  on  switch  #1  so  that  only  the  signals  from  one  oscillator  are  routed 
to  the  mixer  amps  and  turn  switch  #3  to  the  A  position.  Slowly  turn  the  control  knobs 
until  the  galvanometers  respond. 

If  the  galvanometers  don’t  seem  to  respond,  temporarily  disconnect  the  jumpers 
leading  between  the  oscillator  and  drive  circuits  and  plug  an  amplifier  into  one  of  the 
oscillator  output  channels.  You  should  hear  a  buzzing  or  whining  noise  as  you  rotate 
the  frequency  and  symmetry  controls.  If  you  don’t  hear  a  noise,  double-check  your 
wiring  and  be  sure  that  the  mixer  controls  are  turned  up.  When  turned  down,  no  sig¬ 
nals  can  pass  through  the  mixing  amps. 
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Aim  a  laser  at  the  mirrors  and  watch  the  shapes  on  a  nearby  wall  or  screen.  Get 
the  feeling  of  the  controls  by  turning  each  one  and  noting  the  results.  With  the  sym¬ 
metry  control  turned  down  and  the  frequency  control  almost  all  the  way  down,  you 
should  see  a  fairly  round  circle  on  the  screen.  If  the  circle  looks  like  an  egg,  adjust 
the  mixer  controls  to  decrease  the  X  or  Y  dimension,  as  shown  in  Fig.  20-9. 

If  the  egg  is  canted  on  a  diagonal,  the  phase  of  the  cosine  channel  is  not  precisely 
90°.  Try  adjusting  the  symmetry  control  and  fine-tuning  it  with  the  frequency  con¬ 
trol.  There  should  be  one  or  more  points  where  you  achieve  proper  phase  between 
the  sine  and  cosine  channels. 


20-9  The  basic  circle  produced  by  turning  on  one  sine/cosine  genera¬ 
tor,  and  adjusting  the  frequency  and  symmetry  controls  to  produce  a 
pure  sine  wave. 


Now  turn  off  the  first  oscillator  and  repeat  the  testing  procedures  for  the  second 
oscillator.  It  might  behave  slightly  different  than  the  first  because  of  the  tolerance  of 
the  components.  If  you  need  more  precise  control  over  the  two  oscillators,  use  1% 
tolerance  resistors  and  high-Q  capacitors. 

For  really  interesting  light  forms,  turn  on  both  oscillators  and  adjust  the  controls 
to  produce  various  symmetrical  and  asymmetrical  shapes.  At  many  settings,  the  light, 
forms  undulate  and  constantly  change.  At  other  settings,  the  shape  remains  station- 
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ary  and  can  appear  almost  three-dimensional.  Figures  20-10  and  20-11  show  sample 
lightforms  created  with  the  circuit  and  galvanometers  described  previously. 

Alternate  between  A  and  B  settings  by  flicking  switch  #3.  Notice  the  different  ef¬ 
fects  you  create  when  the  switch  is  in  either  position. 


20-10  One  of  many  spiral  light  forms  created  by  turning  on  both  sine/cosine 
generators. 


20-11  A  clearly  definable  “Lissajous”  figure,  made  with  the  galvanometer  light-show  device. 
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Powering  the  oscillator  and  drive  circuits 

So  far  we’ve  covered  using  galvo  oscillator  and  drive  circuits,  but  have  paid  no  at¬ 
tention  to  the  power-supply  requirements.  Although  you  can  build  your  own  dual¬ 
polarity  power  supply  to  run  the  galvo  system,  I  strongly  recommend  that  you  use  a 
well-made  commercial  supply,  one  that  has  very  good  filtering.  60-Hz  hum ,  caused 
by  insufficient  filtering  and  poor  regulation,  can  creep  into  the  op  amps  and  make 
the  galvos  shudder  continuously. 

Output  voltage  and  current  depend  on  the  galvanometers  you  use.  I  successfully 
used  two  General  Scanning  GVM  734  galvos  with  a  power  supply  that  delivered 
±5  volts  at  about  250  mA  for  each  polarity.  You  might  need  a  more  powerful  power 
supply  if  you  use  different  galvanometers  (some  require  ±12  volts  at  1  A  or  more). 
The  power  supply  I  used  for  the  prototype  system  was  surplus  from  a  Coleco  com¬ 
puter  system  that  cost  $12.95.  Look  around  and  you  can  find  an  equally  good  deal. 

Useful  modifications  and  suggestions 

Not  shown  in  the  driver  circuit  is  an  additional  switch  that  allows  you  to  change  the 
polarity  to  one  of  the  galvanometers.  This  provides  added  flexibility  over  the  shape 
of  the  light  forms.  Wire  the  switch,  as  shown  in  Fig.  20-12. 


SI 

DPDT 


20-12 

Galvo  Wire  a  DPDT  switch  to  one  of 
the  galvanometers  to  reverse  its 
direction  in  relation  to  the  other 
galvanometer. 


The  drive  circuit  might  not  provide  adequate  power  for  all  galvanometers.  If  the 
galvos  you  use  just  don’t  seem  to  be  operating  up  to  par,  use  the  drive  circuit  shown 
in  Fig.  20-13,  developed  by  light  show  producer  Jeff  Korman  (see  the  parts  list  in 
Table  20-4).  This  new  driver  is  similar  to  the  old  one,  but  it  provides  better  perfor¬ 
mance  at  low  frequencies.  Korman  also  uses  a  special-purpose  sine/cosine  oscillator 
chip  made  by  Burr-Brown.  The  chip,  the  4423,  is  available  directly  from  Burr-Brown. 
Cost  is  high,  but  it  provides  extremely  precise  control  over  frequency  without  the 
worry  of  knocking  the  signals  out  of  90°  phase. 

Other  useful  tips: 

•  Whenever  possible,  try  to  reduce  the  size  of  the  light  forms;  it  makes  them 
appear  brighter. 

•  Connect  an  audio  signal  into  one  channel  of  the  drive  circuit  and  connect  the 
sine/cosine  oscillator  into  the  other  channel.  The  light  form  will  be 
modulated  in  2-D  to  the  beat  of  the  music. 
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•  You  can  record  a  galvanometer  light  show  performance  by  piping  the  output 
of  the  oscillators  into  two  tracks  of  a  four-track  tape  deck.  Use  the  remaining 
two  tracks  to  record  the  music.  When  played  back,  the  galvanometers  will 
exactly  repeat  your  original  recording  session.  This  is  how  most  professional 
light  show  producers  do  it. 

•  Try  adding  one  or  two  additional  oscillators.  Combine  them  into  the  mixing 
network  by  adding  a  10-kQ  pot  (for  volume  control)  and  a  l-k£>  input 
resistor.  Wire  them  in  parallel,  as  shown  in  the  Fig.  20-8  schematic. 

•  Triangle  or  sawtooth  (ramp)  waves  create  unusual  pointed-star  shapes, 
boxes,  and  spirals.  You  can  build  triangle  and  sawtooth  generators  using  op 
amps,  but  an  easy  approach  is  to  use  the  Intersil  8038  or  Exar  XR-2206 
function-generator  ICs. 

+12VkC 


Q1  and  Q2  must  be  on  Use  supply  voltage  to  complement 
heatsinks!  galvanometer;  up  to  ±  18  VDC. 

20-13  An  enhanced  high-current  galvanometer  circuit  designed  by  light-show  consultant  Jeff  Korman. 


Making  your  own  galvos 

A  set  of  commercially  made  galvanometers  can  set  you  back  $100  to  $200,  even 
when  they  are  purchased  on  the  surplus  market.  If  you  are  interested  in  experi¬ 
menting  with  laser  graphics  and  geometric  designs,  but  are  not  interested  in  spend¬ 
ing  a  lot  of  money,  you  can  make  your  own  using  small  dc  motors. 

Follow  the  diagram  shown  in  Fig.  20-14  to  make  your  own  galvanometers.  You 
can  use  most  any  1.5-  to  6-Vdc  motor,  but  it  should  be  fairly  good  quality.  Test  the 
motor  by  turning  the  shaft  with  your  fingers.  The  rotation  should  be  smooth,  not 
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jumpy.  Measure  the  diameter  of  the  outside  casing.  It  should  be  about  1".  Refer  to 
Table  20-5  for  a  list  of  required  parts. 


Table  20-4.  Enhanced 
galvanometer  driver  parts  list 


IC1  LM741  op  amp  IC 

R1,R2, 

R5,R6  1-kQ  resistor 

R3  10-kQ  potentiometer 

R4  10-kfl  resistor 

R7,R8  0.1-Q,  2-watt  resistor 

R9,R10  27-kQ  resistor 

Q1  TIP  41  NPN  transistor 

Q2  TIP  42  PNP  transistor 

J1  /4-inch  jack 

G1  Galvanometer 

Misc.  Heatsinks  for  Q1  and  Q2 


All  resistors  are  5-  to  10-percent  tolerance, 
14-watt,  unless  otherwise  indicated. 


20-14  Basic  arrangement  for  making  galvanometers  using  small  dc  motors.  The 
sponge  prevents  the  mirror  and  shaft  from  turning  more  than  20  to  25  degrees  in  ei¬ 
ther  direction  and  helps  dampen  the  vibrations. 
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Table  20-5.  Dc  motor 
galvanometer  parts  list 


1  Small  1 .5-  to  6-Vdc  hobby  motor 
1  %-  to  1-inch  pipe  clamp 

1  2-  by  3-inch  /4-inch  thick  acrylic  plastic 

1  %z  by  /4-inch  volt,  nut,  washer 

1  %-  by  %-inch  thin  front-surface  mirror 

1  Lincoln  penny 

1  ea.  Small  piece  of  sponge,  anti-static  foam 


Use  a  high-wattage  soldering  iron  or  small  brazing  torch  to  solder  a  penny  onto 
the  side  of  the  motor  shaft.  For  best  results,  clean  the  penny  and  coat  it  and  the  mo¬ 
tor  shaft  with  solder  flux.  Be  sure  that  the  penny  is  thoroughly  heated  before  apply¬ 
ing  solder  or  the  solder  might  not  stick.  You’ll  need  to  devise  some  sort  of  clamp  to 
hold  the  penny  and  motor  while  soldering — you  need  both  hands  free  to  hold  the  sol¬ 
der  and  gun. 

Let  the  work  cool  completely,  then  mount  a  small  Vz-x-*/\  front-surface  mirror  to 
the  front  of  the  penny.  You  can  use  most  any  glue:  Duco  adhesive  or  gap-filling 
cyanoacrylate  glue  are  good  choices.  The  mirror  should  not  be  exceptionally  thick. 
You  get  the  best  results  when  the  mirror  is  thin — the  motor  has  less  mass  to  move, 
so  it  can  vibrate  faster. 

Snap  the  motor  into  a  %"  electrical  conduit  clamp  and  fit  it  into  position  (the  clamp 
will  have  a  1 "  opening  and  will  hold  most  small  hobby  motors) .  If  the  clamp  is  too  small, 
widen  the  opening  by  gently  prying  it  apart  with  a  pair  of  pliers.  Mount  the  motor  and 
clamp  to  a  2-X-3"  acrylic  plastic  base  QA"  thickness  is  fine).  Drill  the  holes,  as  shown  in 
Fig.  20-15.  Use  a  %2m-x-/4"  bolt  and  a  %z  nut  to  secure  the  pipe  clamp  to  the  base. 

Use  a  treated,  synthetic  sponge  and  cut  it  into  two  V'-x-'A"  pieces.  The  sponge 
should  be  soft,  but  dry.  To  dry  it,  leave  it  out  overnight.  After  the  sponge  has  dried 
out,  compress  it  and'secure  it  under  the  penny  using  all-purpose  adhesive.  Now  slide 
a  V'-x-Vz  piece  of  anti-static  foam  into  the  gap  between  the  sponge  and  penny.  The 
fit  should  be  close,  but  not  overly  tight.  If  you  need  more  clearance,  compress  the 
sponge  by  squeezing  it  some  more.  The  finished  dc  motor  galvanometer  is  shown  in 
Fig.  20-16. 

As  an  alternative,  cut  a  piece  of  A"  foam  and  stick  it  under  the  penny.  Try  differ¬ 
ent  foams  to  test  their  “suppleness.”  The  foam  should  be  soft  enough  to  let  the  penny 
and  mirror  vibrate,  but  not  so  soft  that  it  acts  as  a  tight  spring  and  bounces  the  penny 
back  after  only  a  small  movement. 

Using  the  motor/galvanometers 

Attach  leads  to  the  motor  terminals  and  connect  the  homemade  galvanometers  to 
the  drive  circuit  and  oscillator  detailed  earlier  in  this  chapter.  Repeat  the  testing 
procedures  outlined  for  commercially  made  galvos.  Position  the  motors  so  that  they 
are  90°  off-axis  and  shine  a  laser  onto  both  mirrors.  You  should  see  shapes  and  pat¬ 
terns  as  you  adjust  the  controls  on  the  oscillator. 
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3" 


20-15 

Cutting  and  drilling  template  for 
the  base  for  the  homemade 
motor  galvanometers. 


h - 2" - H 

All  holes  #19  bit 


20-16  A  completed  motor  galvanometer,  secured  to  the  base  with  a  K-inch  electrical 
conduit  clamp. 
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The  motor/galvanometers  can  be  mounted  in  a  variety  of  ways.  One  approach  is 
to  use  metal  strips  bent  90°  at  the  bottom.  Drill  matching  holes  in  the  strip  and  at¬ 
tach  the  base  of  the  motor/galvos  to  the  strips  using  %z”  hardware.  You  can  also  se¬ 
cure  the  base  of  each  motor/galvanometer  using  VC  galvanized  hardware  brackets 
(available  at  hardware  stores). 

The  light  forms  might  not  be  perfectly  symmetrical.  Depending  on  the  motors 
you  used  and  the  type  and  thickness  of  foam  backing  you  installed,  one  motor  might 
vibrate  at  a  wider  arc  than  the  other.  Try  adjusting  the  foam  and  sponge  on  both  mo¬ 
tors  to  make  them  vibrate  the  same  amount. 

Smoke  effects 

Smoke  effects  are  obtained  by  spreading  the  laser  beam  into  an  arc  (the  light  is  pro¬ 
jected  as  a  straight  line)  and  filling  the  room  with  smoke  or  vapor.  Because  you  see 
only  a  thin  slice  of  the  smoke  through  the  arc  of  laser  light,  you  can  clearly  view  the 
air  currents  as  they  swirl  and  shift. 

Smoke  effects  in  professional  light  shows  require  multi-watt  lasers — a  2-  to  5- 
watt  argon  laser  makes  wonderful  smoke  effects.  The  “smoke”  is  often  vapor  left  by 
heating  dry  ice.  Dry  ice  vapor  is  heavier  than  air  so  it  must  be  blown  through  the 
stream  of  laser  light.  Small  blowers  keep  the  air  circulating. 

You  can  experiment  with  laser  smoke  effects  by  using  a  helium-neon  laser  (1 
mW  or  more).  Although  the  smoke  is  not  visible  at  any  distance,  it  can  be  used  for 
small,  amateur  light  shows.  You  can  also  use  laser  smoke  effects  to  view  fluid  aero¬ 
dynamics  (see  Chapter  22)  or  just  to  see  what  happens  to  smoke  particles  in  a  ven¬ 
tilated  room.  You  can  use  dry  ice  vapor  (buy  the  dry  ice  from  a  local  ice-packing 
company),  smoke  from  a  cigarette,  incense  stick,  or  match. 

In  all  cases,  be  careful.  Dry  ice  can  cause  frostbite,  so  handle  it  only  with  gloves 
and  place  it  in  Pyrex  or  metal  containers  (plastic  and  regular  glass  could  shatter) . 
Cigarettes,  incense,  and  matches  present  a  fire  hazard.  Get  help  if  you  are  not  sure 
of  what  you  are  doing. 

Notice  that  smoke — and  all  particles  in  the  air — are  seen  when  laser  light  shines 
through  them.  You  see  them  best  when  you  are  on  one  side  of  the  smoke  particles  and 
the  laser  is  on  the  other.  You  see  the  outline  of  the  smoke  particles  as  they  swirl  around. 

Casting  the  arc 

Spread  the  laser  beam  into  an  arc  using  the  sheet  effects  described  in  the  last  chap¬ 
ter.  As  a  recap,  you  can  spread  light  out  in  an  arc  by: 

•  Spinning  a  mirror  on  the  side  of  a  motor  shaft. 

•  Rotating  an  off-axis  mirror  mounted  on  the  end  of  a  motor  shaft. 

•  Spinning  a  holograph  scanner  mirror  wheel. 

•  Spreading  the  light  with  a  cylindrical  lens. 

These  approaches  do  not  allow  you  to  change  the  spread  of  the  arc.  You  can  ob¬ 
tain  more  control  over  the  angle — make  it  narrow  or  wide — by  using  a  single  gal¬ 
vanometer  (commercially  made  or  homemade)  and  by  adjusting  the  amplitude  of 
the  drive  signal.  You  can  use  the  oscillator  and  driver  circuits  detailed  previously  in 
this  chapter. 
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Making  the  smoke  effect 

Turn  off  all  the  lights,  except  for  a  dim  pilot  light  that  you  can  extinguish  remotely. 
Light  the  cigarette,  incense,  or  match,  and  waft  the  smoke  under  the  laser  light  arc. 
Alternatively,  dunk  the  dry  ice  in  a  pad  of  tepid  water.  Move  to  a  position  that  allows 
you  to  clearly  see  the  smoke  and  turn  off  the  pilot  light.  Depending  on  the  spread  of 
the  arc,  the  power  of  the  laser,  and  the  amount  of  smoke  or  vapor,  you  should  clearly 
see  particles  swirling  in  the  air. 

Watch  the  effect  as  you  add  more  smoke  or  vapor  or  make  the  spread  of  the  arc 
smaller.  If  the  air  is  moving  too  fast,  the  smoke/vapor  might  disperse  too  quickly. 
Turn  off  blowers,  air  conditioners,  and  other  appliances  that  might  be  agitating  the 
air.  On  the  other  hand,  if  the  room  gets  too  filled  with  smoke,  you’ll  see  a  general 
haze  in  the  light  and  the  swirling  won’t  be  as  easy  to  see.  Clear  the  room  by  airing  it 
out.  Use  blowers  or  fans  to  speed  up  the  process. 

Using  argon  and  krypton  lasers 

Most  professional  laser  light  shows  use  argon  or  krypton  lasers.  Both  of  these  are 
manufactured  in  high-output  versions  and  provide  two  or  more  colors.  As  you 
learned  in  earlier  chapters,  argon  lasers  emit  light  at  two  principle  wavelengths  or 
mainlines — 488.0  nm  and  514.5  nm.  Krypton  lasers  have  the  unique  ability  to  pro¬ 
duce  light  at  just  about  any  wavelength,  providing  a  spectrum  of  colors.  Because 
they  can  produce  all  three  primary  colors — red,  green,  and  blue — krypton  lasers  are 
often  used  in  color  holography.  The  three  primary  colors  can  also  be  created  by  us¬ 
ing  an  argon  and  He-Ne  laser. 

Using  a  prism  or  set  of  dichroic  filters  allows  you  to  separate  the  mainlines.  The 
prism  disperses  the  light  into  its  component  colors  so  that  each  color  can  be  individ¬ 
ually  manipulated.  Dichroic  filters  let  you  block  all  but  the  color  you  want.  For  ex¬ 
ample,  a  “red”  filter  placed  in  front  of  an  argon  laser  will  block  the  green  514.5-nm 
mainline. 

Serious  light-show  applications  require  a  laser  with  a  minimum  power  output  of 
100  mW.  Better,  more  dramatic  results  are  obtained  with  even  higher  wattages;  it’s 
not  uncommon  to  see  3-  to  5-watt  argon  lasers  used  in  professional  light  shows. 
These  Class  IV  devices  are  downright  dangerous  unless  you  know  precisely  what  you 
are  doing.  They  also  require  water  cooling  and  extensive  plumbing,  making  them  a 
hassle  to  use. 

High-output  krypton  and  argon  lasers  are  unreasonably  expensive,  but  if  you  are 
serious  about  laser  light  shows,  you  might  locate  a  used  specimen  at  an  affordable 
price  ($3500  or  so).  If  you  keep  an  eye  out  and  make  plenty  of  contacts,  you  might 
luck  onto  a  high-output  industrial-grade  argon  laser — used  for  such  applications  as 
medicine,  optical  disc  manufacturing,  and  forensics — that  is  no  longer  functioning, 
but  is  repairable.  Perhaps  the  tube  is  gassed  out  or  maybe  the  power  supply  is  fried, 
but  the  cost  of  fixing  the  laser  will  be  less  than  buying  a  new  one.  Before  you  sign  the 
check,  be  sure  that  you  know  what  the  problem  is  and  that  you  are  confident  the 
laser  can  be  fixed. 

High-output  lasers  can’t  be  plugged  into  the  ac  socket  and  aimed  at  the  wall. 
Most  require  220-volt,  three-phase  ac  (wall  outlets  provide  10-volt  single-phase  ac). 
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The  laser  generates  too  much  heat  for  air  cooling  and  must  be  shrouded  by  water  to 
keep  it  cool.  The  water  supply  must  be  continually  circulating  from  the  faucet  to  a 
drain.  Adequate  filtration  and  pressure  regulation  is  needed  to  prevent  deposits  in 
the  cooling  jacket  or  rupturing  the  tube. 

Finally,  but  most  importantly,  the  power  supplies  used  to  operate  high-output 
lasers  produce  high  current  at  high  voltage.  Touching  a  high-voltage  component  or 
wire  on  the  power  supply  or  tube  will  kill  you — no  exceptions.  Thoroughly  familiar¬ 
ize  yourself  with  the  safe  operation  of  the  laser  before  using  it. 

You  and  Uncle  Sam 

They  say  the  government  has  its  fingers  in  everything,  and  lasers  are  no  exception. 
Uncle  Sam’s  interest  in  lasers  is  purely  one  of  safety — the  federal  government  wants 
you  to  comply  with  minimum  safety  requirements  before  you  put  on  a  light  show.  As 
you  learned  in  Chapter  2,  “Working  With  Lasers,”  the  branch  of  the  government  that 
regulates  the  laser  industry  is  the  Center  for  Devices  and  Radiological  Health,  or 
CDRH  (formerly  BRH,  or  Bureau  of  Radiological  Health).  The  CDRH  monitors  the 
manufacture  and  use  of  lasers  so  that  harmful  laser  radiation  does  not  befall  unsus¬ 
pecting  people. 

Most  of  the  CDRH  regulations  concern  the  manufacture  of  lasers,  but  some  sec¬ 
tions  deal  with  the  use  of  lasers  in  public  arenas,  including  light  shows.  Briefly 
stated,  anyone  wishing  to  conduct  a  laser  light  show  for  public  viewing  or  otherwise 
demonstrate  the  operation  of  lasers  to  the  public,  must  fill  out  forms  and  submit 
them  to  the  CDRH.  These  forms  provide  necessary  information  on  the  type  and  class 
of  laser  and  how  you  intend  to  use  it. 

You  must  also  provide  details,  as  precisely  as  possible,  of  how  the  light-show 
equipment  will  be  arranged,  where  beam  stops  will  be  placed,  and  the  number  and 
type  of  fail-safe  mechanisms  used.  You  must  also  demonstrate  an  understanding  of 
the  regulations  and  that  you  intend  to  comply  with  them.  In  the  case  of  a  traveling 
light  show,  you  must  indicate  how  your  laser  system  can  adapt  to  different  rooms 
and  auditoriums. 

The  complete  CDRH  requirements  for  laser  light  shows  is  too  involved  to  repeat 
here.  You  can  obtain  compliance  regulations  and  application  forms  directly  from  the 
CDRH;  their  address  is  given  in  Appendix  A. 

Of  course,  if  you  don’t  live  in  the  United  States,  these  laws  will  not  apply  to  you. 
But  others  might.  Before  even  considering  performing  a  laser  light  show,  consult  the 
local  government  for  laws  and  regulations  regarding  such  exhibitions. 

Going  professional 

Laser  light  shows  can  be  both  fun  and  rewarding,  both  on  a  personal  and  financial 
level.  Although  permanent  laser  shows,  most  notably  Laserium,  are  the  most  visible, 
they  represent  only  a  small  number  of  light  shows  conducted  in  the  U.S.  Many  rock 
bands  like  to  play  to  the  accompaniment  of  a  light  show — especially  one  that  in¬ 
cludes  lasers.  Contact  local  bands  and  clubs  and  ask  if  they  would  add  a  laser  show 
to  their  gig. 
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A  local  non-laser  light  show  producer  who  has  not  had  the  time,  inclination,  or 
background  to  include  lasers  in  his  repertoire,  might  be  delighted  to  have  you  as  a 
consultant.  If  you  can’t  find  music  groups  or  nearby  light-show  producers,  ask  at  the 
radio  stations  in  town  (call  or  drop  by).  You  will  probably  need  to  start  small  and 
work  your  way  to  the  big  time,  all  the  while  adding  to  your  laser  system. 

On  a  smaller  scale  are  light  shows  for  schools  and  organizations.  What  boys’  or 
girls’  club  wouldn’t  like  to  be  treated  to  a  light  show?  These  gigs  are  mostly  non-pay¬ 
ing,  but  they  are  an  excellent  way  to  hone  your  light  show  talents. 

Even  if  you  don’t  take  your  light  show  on  the  road  and  perform  before  a  live  au¬ 
dience,  you  can  doodle  with  the  artforms  created  by  the  assortment  of  mirrors,  mo¬ 
tors,  servos,  galvanometers,  and  other  sundry  equipment  on  film  or  videotape.  A 
telecine  adapter,  used  primarily  for  converting  Super-8  movies  and  35-mm  trans¬ 
parencies  to  videotape,  can  be  used  to  capture  the  light-show  images  on  film.  Simply 
replace  the  film  projector  with  the  laser  projector.  You  can  use  a  video  camera  or  still 
camera  to  capture  the  images  on  the  rear-projection  plate. 

Another  alternative  is  to  aim  the  laser  at  the  wall  or  screen  and  photograph  or 
videotape  the  images  directly.  This  method  doesn’t  yield  the  best  results  because 
you  pick  up  the  pattern  on  the  wall  or  screen  and  the  images  aren’t  generally  as  bril¬ 
liant. 

To  photograph  the  light  show  artforms,  place  the  camera  (video  or  film)  on  a  tri¬ 
pod  and  focus  the  lens  on  the  front  of  the  screen.  You  might  need  to  use  the  zoom  or 
macro  feature  of  the  lens,  or  else  attach  supplementary  positive  diopter  lenses  in 
front  of  the  camera  to  take  sharp  pictures. 

Persistence  of  vision  is  the  capacity  of  the  eye  to  blend  a  series  of  still  pictures 
into  smooth  motion.  A  movie  consists  of  thousands  of  individual  still  pictures.  These 
pictures  are  flashed  on  the  screen  faster  than  our  eyes  can  detect,  so  the  image  ap¬ 
pears  to  be  in  motion.  The  same  technique  is  used  in  laser  light  shows.  The  scanning 
of  motors,  R/C  servos,  or  galvanometers  produces  a  two-dimensional  shape  on  the 
screen.  What  appears  as  a  spiral  or  circle  is  actually  one  beam  of  light,  moving  so  fast 
that  our  eyes  (and  brain)  synthesize  it  into  a  complete,  moving  picture. 

Although  your  eye  smooths  the  scanning  of  the  laser  beam  to  create  the  illusion 
of  motion,  the  eye  of  the  camera  might  be  faster,  so  the  results  you  see  on  film  might 
not  match  those  you  see  in  person.  When  taking  still  pictures  of  a  laser  image,  choose 
a  shutter  speed  Ks  of  a  second  or  longer.  Shorter  (higher  in  number)  shutter  speeds 
might  result  in  only  partial  images. 

Television  pictures  are  also  created  by  flashing  a  series  of  still  pictures  on  the 
screen.  The  video  frame  rate  for  a  complete  picture  is  of  a  second.  That’s  faster 
than  your  eye  can  detect,  so  you  don’t  witness  any  flicker.  Videotaping  a  laser  light 
show  image  could  result  in  objectionable  flicker.  You  can  see  the  flicker  on  your  TV 
set  while  recording.  However,  you  can  often  minimize  the  flicker  by  adjusting  the 
speed  or  frequency  knob  on  the  light-show  motor/galvanometer  controller. 
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CHAPTER 

Building  laser  “ray  guns" 
and  light  cannons 

Even  before  the  laser  was  invented,  science  fiction  writers  told  of  incredible 
weapons  and  machines  that  emitted  a  bright  saber  of  light,  a  death  ray  that  disinte¬ 
grated  everything  in  its  path.  In  the  1951  classic  The  Day  the  Earth  Stood  Still ,  a 
7-foot  tall  “police  robot”  was  equipped  with  a  powerful  disinto-ray  gun.  The  gun  was 
mounted  behind  a  visor  in  the  robot’s  helmet  and  shot  its  high-intensity,  pencil-thin 
flame  with  great  precision. 

Even  today,  science  fiction  movies  and  books  place  high  emphasis  on  weapons 
that  use  light  instead  of  bullets.  But  real  science  hasn’t  kept  up  with  science  fiction; 
most  lasers  do  little  or  no  harm  to  human  flesh,  and  many  can’t  cut  through  a  piece 
of  paper,  let  alone  tanks,  automobiles,  and  spaceships. 

As  unlikely  as  practical  laser-based  weapons  seem  given  the  current  limitations 
of  the  state-of-the-art,  it’s  possible  that  weapons  using  an  intense  form  of  light  could 
someday  be  developed.  In  1983,  President  Ronald  Reagan  outlined  a  plan  for  outfit¬ 
ting  land-  and  space-born  satellites  with  laser  weapons  as  a  defensive  measure 
against  ballistic  missiles.  What  are  the  possibilities  of  developing  powerful  laser 
weapons  that  thwart  nuclear  destruction?  Can  weapons  be  placed  on  the  ground,  in¬ 
stalled  in  tanks  or  towed  on  trailers?  And  what  about  non-war  use  of  laser  guns: 
could  they  be  used — as  they  are  in  the  Star  Trek  TV  show  and  movies — to  either  kill 
or  stun  an  opponent? 

Take  a  brief  look  at  laser  weapons  and  the  technology  that’s  currently  available. 
Then  read  the  plans  for  constructing  a  useful,  but  relatively  harmless  laser  “gun”  us¬ 
ing  a  helium-neon  tube.  The  emphasis  of  the  laser  gun  is  to  show  you  what  goes  into 
hand-held  light-wave  weapons,  not  to  make  an  effective  munition.  On  a  more  practi¬ 
cal  standpoint,  laser  pistols  and  rifles  provide  a  means  for  target  practice  without 
wasting  bullets,  pellets,  or  B-B’s  and  with  much  less  risk  of  bodily  injury. 
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An  overview  of  land/space  laser  weapons 

Lasers  are  already  used  in  the  battlefield,  but  not  as  offensive  weapons.  The  U.S. 
Army  and  North  Atlantic  Treaty  Organization  (NATO)  use  laser  rangefinders  for  de¬ 
termining  the  distance  between  the  firing  line  and  the  target.  The  laser  system  can 
be  mounted  on  a  rifle  stock  and  carried  by  one  person.  A  number  of  high-caliber  can¬ 
nons,  tanks,  and  helicopters  use  their  own  laser  rangefinders,  controlled  by  an  on¬ 
board  firing  computer. 

Laser  rangefinders  operate  in  a  variety  of  ways,  but  many  work  by  means  of 
transmitting  short  modulated  pulses,  then  waiting  for  an  echo.  The  timing  of  the  re¬ 
turn  signal  indicates  distance.  Accuracy  is  within  10'  to  20'  for  most  systems  and 
range  is  up  to  7  miles. 

Reagan’s  Strategic  Defense  Initiative  (SDI),  which  he  announced  in  a  widely 
publicized  speech  on  March  23,  1983,  called  for  the  deployment  of  land-  and  space- 
based  weapons  using  one  or  all  of  three  possible  technologies: 

•  Particle  beam  weapons,  shooting  atoms  of  neutral  or  charged  particles  from 
ground-  or  space-based  platforms. 

•  Kinetic  energy  weapons,  from  a  ground-based  cannon,  that  fling  high-speed 
projectiles  at  the  target. 

•  Laser  weapons,  which  use  short-wavelength  electromagnetic  energy  to  heat 
up  the  target,  damaging  its  electronics  or  flight-control  mechanism. 

Of  the  three  types,  kinetic  energy  weapons  (KEW)  have  received  the  greatest 
attention.  Battlefield  KEWs  are  believed  to  be  technologically  possible,  and  might 
provide  the  greatest  amount  of  firepower.  The  most  common  variety  of  KEW  is  the 
electromagnetic  rail-gun,  which  shoots  specially  designed  heavy-metal  “bullets”  at 
about  6  miles  per  second  (the  bullet  from  an  M-16  rifle  travels  at  about  %  of  a  mile 
per  second).  Rail-guns  require  a  great  deal  of  energy  and  many  designs  are  one-shot 
affairs;  the  gun  is  severely  damaged  after  just  one  firing. 

To  be  effective,  the  wavelength  of  a  laser  weapon  must  be  short,  at  least  in  the 
visible  band,  but  preferably  in  the  ultraviolet  or  x-ray  band.  The  greatest  difficulty  in 
designing  short-wavelength  lasers  is  power — the  shorter  the  wavelength,  the  more 
energy  that  is  required.  Optical  (visible  or  ultraviolet)  lasers  work  by  heating  the 
skin  of  the  target.  The  beam  must  remain  at  the  same  spot  for  several  seconds  until 
the  skin  is  hot  enough  to  do  internal  damage  to  the  target.  This  is  tough  because  the 
typical  ballistic  missile  travels  in  excess  of  6  miles  per  second.  Imagine  focusing  on 
the  same  2'  or  3'  spot  over  a  distance  of  50,000  feet  and  you  have  an  idea  how  accu¬ 
rate  such  a  laser  weapon  must  be. 

In  addition  to  the  problems  of  accuracy,  laser  weapons  of  any  power  tend  to  be 
monstrous.  That  limits  them  to  use  as  ground-based  ray  guns,  using  mirrors  to  direct 
the  beam  to  the  target.  High-powered  lasers  using  turbine -powered  chemical  jets 
have  been  developed  and  even  placed  aboard  aircraft,  but  the  wavelength  of  the  light 
is  long — 6  to  10  micrometers — far  in  the  infrared  region.  This  makes  the  laser  rela¬ 
tively  inefficient  at  destroying  their  targets. 

X-ray  lasers,  still  in  the  “so  secret  they  don’t  exist”  category,  emit  an  extremely 
high-powered  beam  that  can  literally  destroy  a  missile  in  mid-flight.  X-rays  can’t  be 
deflected  by  mirrors,  however,  which  means  that  the  weapon  must  be  easily  aimed 
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and  in  a  direct  line  of  sight  to  the  target.  Fortunately,  x-ray  lasers  can  be  built  small, 
experts  say,  making  them  suitable  for  space-based  operation.  The  biggest  disadvan¬ 
tage  to  x-ray  lasers  is  that  they  use  an  internal  atomic  explosion  to  work,  so  they  are 
essentially  one-shot  devices. 

A  relative  newcomer  to  the  SDI  (or  “Star  Wars”)  scene  is  the  free-electron  laser, 
which  is  being  developed  at  several  national  laboratories  and  universities.  The  free- 
electron  laser  uses  a  stream  of  electrons  that  is  made  to  emit  photons  of  light  after 
being  oscillated  by  giant  electromagnets.  Free-electron  lasers  (FELs)  have  been 
built  and  they  do  work.  But  if  put  into  production,  an  actual  anti-ballistic  missile  FEL 
would  take  up  a  football  field  or  more.  Obviously,  such  a  device  would  be  useful  only 
as  a  stationary  ground-based  weapon.  It’s  possible,  though  unlikely,  that  it  would  be 
built  over  a  span  of  several  years  on  a  low-orbiting  space  platform. 

Small-scale  weapons  using  lab-type  lasers 

So  far,  this  chapter  has  covered  high-power  laser  weapons,  designed  to  counter  a  nu¬ 
clear  attack.  Laser  guns  in  the  movies  are  often  hand-held  devices,  or  at  most,  small 
enough  to  prop  on  a  vehicle.  Lasers  powerful  enough  to  inflict  damage,  but  small 
enough  to  be  carried,  have  been  developed,  but  they  are  not  used  in  any  current  mil¬ 
itary  application.  It’s  relatively  easy,  for  example,  to  build  a  hand-held  ruby  laser  that 
puts  out  bursts  of  large  amounts  of  light  energy.  When  focused  to  a  point,  the  light 
from  a  ruby  laser  can  cut  through  paper,  cloth,  skin,  or  even  thin  metal. 

Ruby  crystals  are  poor  conductors  of  heat,  so  ruby  lasers  emit  only  short  pulses 
of  light  to  allow  the  crystal  to  cool  between  firings.  Nd:YAG  lasers  operate  in  a  simi¬ 
lar  fashion  as  ruby  lasers,  but  they  can  produce  a  continuous  beam.  Making  a  hand¬ 
held  Nd:YAG  laser  is  no  easy  feat,  however.  The  Nd:YAG  crystal  must  be  optically 
pumped  by  another  high-powered  laser  or  by  an  extremely  bright  flash  lamp  or  light 
source.  Though  the  power  output  of  an  Nd.YAG  laser  is  extremely  high,  considering 
the  current  state-of-the-art,  a  hand-held  model  is  impractical.  However,  such  a 
weapon  could  be  built  as  a  “laser  cannon,”  transported  on  an  armored  vehicle  or  on 
a  towed  trailer. 

CO2  lasers  are  often  used  in  industry  as  cutting  tools.  This  type  of  laser  is  known 
for  its  efficiency — 30%  or  more  compared  to  the  1  to  2%  of  most  gas  and  crystal 
lasers.  A  pistol-sized  C02  laser  would  probably  be  difficult  to  design  and  manufac¬ 
ture  because  the  C02  gas  mixture  (which  includes  helium  and  nitrogen)  must  be 
constantly  circulated  through  the  tube.  What’s  more,  the  laser  requires  a  hefty  elec¬ 
trical  power  supply.  Still,  such  a  weapon  could  be  built  in  an  enclosure  about  the 
same  size  as  a  personal  rocket  launcher.  These  are  designed  to  be  slung  over  a  shoul¬ 
der  and  fired  when  standing  in  an  upright  position. 

Build  your  own  helium-neon  laser  pistol 

The  small  lab-type  laser  weapons  described  previously  would  cost  several  thousand 
dollars  to  build  and  require  expert  machining  and  tooling.  You  can  readily  build  your 
own  low-power,  hand-held  laser  using  a  commonly  available  and  affordable  helium- 
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neon  tube  and  12-Vdc  power  supply.  The  pistol  is  made  from  2"  and  1A"  schedule 
PVC  plumbing  pipe  that  you  can  cut  with  an  ordinary  hacksaw. 


Defining  barrel  length 

The  exact  length  of  the  pistol  barrel  depends  on  the  laser  tube  and  power  supply 
that  you  use.  The  laser  used  in  the  prototype  pistol  is  a  common- variety  2-mW  tube 
measuring  1"  in  diameter  by  7".  You  can  obtain  even  smaller  tubes  through  some 
laser  dealers  and  make  your  pistol  more  compact. 

The  power  supply  is  one  of  the  smallest  commercially  made,  measuring  a  scant 
%"  in  diameter  by  slightly  under  4"  in  length.  This  particular  power  supply  was  pur¬ 
chased  through  Meredith  Instruments  (see  the  address  in  Appendix  A) ,  but  it  is  also 
available  from  Melles  Griot  and  several  laser  manufacturers. 


Cutting  the  barrel  and  grip 

Table  21-1  provides  a  parts  list  for  the  laser  pistol.  Assuming  that  you  use  the  same 
or  similar  tube  and  power  supply,  cut  a  piece  of  2"  schedule  40  PVC  to  12/4".  Sand  or 
file  the  cut  ends  to  make  them  smooth.  Drill  a  %"■  diameter  hole  4"  from  one  end  of 
the  tube,  as  shown  in  Fig.  21-1.  This  hole  serves  as  the  leadway  for  the  power  wires. 


Table  21-1.  Laser  pistol  parts  list 


1  12J4-inch  length  2-inch  schedule  40  PVC  pipe 
1  6M-inch  length  1  /4-inch  schedule  40  PVC  pipe 

1  3-inch  adjustable  hose  clamp 

2  2-inch  test  plugs 

1  1 /4-inch  PVC  end  cap 

J1  !4-inch  phone  jack 

SI  SPST  momentary  switch  (normally  open) 

Misc.  Miniature  12-Vdc  He-Ne  power  supply  (see  text),  laser  tube  (see  text) 


Next,  cut  a  length  of  1 V"  schedule  40  PVC  to  6A".  Using  a  wide,  round  file,  shape 
one  end  of  this  piece  so  that  its  contour  matches  the  2"  PVC.  The  angle  of  the  smaller 
length  of  pipe,  which  serves  as  the  grip,  should  be  approximately  10  to  15°.  The 
match  between  the  barrel  and  grip  does  not  need  to  be  exact,  but  avoid  big  gaps.  Cut 
the  grip  a  little  long  so  to  allow  yourself  extra  room  for  shaping  the  contour.  The  grip 
is  about  the  right  length  if  it  measures  6"  top  to  bottom. 

Cut  a  A"  hole  VA"  from  the  bottom  of  the  grip  and  another  A”  hole  90°  to  the  right, 
but  at  a  distance  of  4 %"  from  the  bottom  (see  Fig.  21-2).  The  lower  hole  is  for  the  /" 
phone  jack  for  the  power,  and  the  upper  hole  is  for  the  pushbutton  switch.  Notice 
that  the  size  of  the  upper  hole  depends  on  the  particular  switch  you  use.  The  switch 
detailed  in  the  parts  list  is  commonly  available  at  Radio  Shack  and  other  electronics 
outlets.  If  you  use  another  switch,  you  should  measure  the  diameter  of  the  shaft  and 
drill  a  hole  accordingly. 
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21-1  Cutting  and  drilling  guide  for  the  He-Ne  laser  pistol  barrel. 


21-2  Cutting  and  drilling  guide  for  the  He-Ne  laser  pistol  grip. 


Cut  two  Vd  wide  slits  approximately  14”  from  the  top  of  the  grip.  The  slits  should 
be  opposite  one  another  and  at  right  angles  to  the  top  hole  (used  for  the  switch) .  Un¬ 
thread  the  loose  end  of  a  12"  long  (3^"  diameter)  hose  clamp  through  the  slits. 
Tighten  the  clamp  one  or  two  turns,  but  not  so  much  that  you  can’t  insert  the  barrel 
into  it.  The  pistol  so  far  should  look  like  Fig.  21-3. 

Wiring  the  jack  and  switch 

Use  #20  or  #22  stranded  wire  to  connect  the  components  as  shown  in  Fig.  21-4.  The 
wire  lengths  are  approximate  and  provide  some  room  for  easily  fitting  the  jack,  switch, 
power  supply,  and  tube  into  the  PVC  enclosure.  After  you  have  soldered  the  jack  and 
switch,  mount  them  in  the  grip,  feed  the  wires  through  the  hole  in  the  barrel,  and 
mount  the  grip  to  the  barrel.  Center  the  hole  in  the  grip  and  tighten  the  clamp. 

Mounting  the  laser  tube  and  power  supply 

Attach  the  power  supply  leads  to  the  tube.  With  the  power  supply  and  tube  used,  the 
anode  lead  from  the  supply  connects  directly  to  the  anode  terminal  of  the  tube.  This 
wire  must  be  kept  short  to  minimize  current  loss  and  high-voltage  arcing.  The  cath¬ 
ode  lead  stretches  from  the  supply  to  the  opposite  end  of  the  tube.  This  design 
works  well  because  the  tube  emits  light  from  the  cathode  side,  opposite  from  the 
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Hose  clamp 


Main  tube 


21-3  Barrel  and  grip  held  in  place  with  an  adjustable  car  radiator  hose  clamp. 


21-4  Wire  the  He-Ne  laser  pistol  as  shown  in  this  diagram.  Be  aware  of  the  high  voltages 
present  at  the  output  of  the  power  supply. 

power  supply.  Because  not  all  He-Ne  lasers  operate  this  way,  you’ll  want  to  choose 
the  tube  carefully.  The  tube  must  emit  its  light  from  the  cathode  side  or  the  power 
supply  will  get  in  the  way.  Loosely  attach  the  power  supply  to  the  tube  by  wrapping 
them  together  with  electrical  tape. 
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The  tube  should  be  protected  against  shock  by  wrapping  it  in  a  thin  styrofoam 
sheet,  the  kind  used  for  shipping  fragile  objects.  One  or  two  wraps  should  be  suffi¬ 
cient.  Close  up  the  sheet  with  electrical  tape. 

Final  electrical  connection  and  assembly 

Solder  the  wires  from  the  jack  and  switch  to  the  power  supply.  Be  sure  to  observe 
proper  polarity.  Slide  the  tube  and  power  supply  into  the  barrel  so  that  the  output  end 
of  the  laser  faces  forward.  Drill  a  %"  hole  in  the  approximate  center  of  a  2"  knockout 
“test”  plug  (available  in  the  ABS  plumbing  pipe  department  of  most  hardware  stores). 
Because  the  tube  might  not  rest  in  the  exact  center  of  the  barrel,  determine  the 
proper  spot  for  drilling  by  first  inserting  the  plug  and  observing  the  location  of  the 
output  mirror.  Mark  the  spot  with  a  pencil,  remove  the  plug,  and  drill  out  the  hole. 

After  drilling,  replace  the  plug  and  push  the  tube  into  the  barrel  so  that  the  out¬ 
put  window  is  just  flush  with  the  inside  of  the  plug.  Don’t  allow  the  window  to  pro¬ 
trude  outside  the  plug,  or  you  run  a  greater  risk  of  chipping  or  breaking  the  output 
mirror.  Insert  another  2"  plug  in  the  rear  of  the  barrel. 

Test  plugs  are  not  routinely  available  for  1 14"  pipe,  so  you  must  use  an  ordinary 
end  cap  for  the  bottom  of  the  grip.  Slip  the  end  cap  over  the  pipe;  the  fit  should  be 
tight.  If  not,  try  another  end  cap. 

Building  the  battery  pack 

The  battery  pack  for  the  laser  is  separate,  not  only  because  it  allows  you  to  build  a 
smaller  gun,  but  because  it  allows  you  to  power  the  device  from  a  variety  of  sources. 

The  main  battery  pack  consists  of  two  6-volt  4-AH  lead-acid  batteries  contained 
in  a  4%"-x-7%"-x-2%"  phenolic  or  plastic  experimenter’s  box  (available  at  Radio  Shack). 
The  batteries  are  held  in  place  inside  the  box  with  heavy  double-sided  foam  tape.  The 
battery  pack  contains  a  fuse  and  power  jack,  mounted  as  shown  in  Fig.  21-5.  A  parts 
list  for  the  pack  is  provided  in  Table  21-2. 

The  fuse  is  absolutely  necessary  in  case  of  a  direct  short.  Lead-acid  batteries  of 
this  capacity  produce  heavy  amounts  of  current  that  can  easily  burn  through  wires 
and  cause  a  fire.  A  5- A  fast-acting  bus  fuse  provides  adequate  short-circuit  protec¬ 
tion  without  burning  out  during  the  short-term  shorts  that  can  occur  when  plugging 
in  the  battery  pack  cable. 

Wire  the  battery  pack,  as  indicated  in  Fig.  21-6.  When  wired  in  series,  the  two 
6-volt  batteries  produce  12  volts.  The  high  capacity  of  the  batteries  means  you  can 
operate  the  laser  for  at  least  an  hour  before  needing  a  recharge.  1  have  operated  the 
prototype  pistol  for  up  to  6  hours  before  needing  a  recharge. 

To  make  the  battery  pack  conveniently  portable,  insert  two  %"  eyelet  screws 
near  the  top  of  the  box.  Snap  on  a  wide  camera  strap  and  adjust  the  strap  for  your 
shoulder.  You  can  sling  the  battery  pack  over  your  shoulder  while  holding  the  pistol 
in  your  hands. 

Current  is  delivered  from  the  battery  pack  to  the  pistol  by  means  of  a  6'  to  12' 
coiled  guitar  extension  cord.  These  are  available  at  Radio  Shack  and  most  music 
stores.  Buy  the  two-wire  mono  variety;  you  don’t  need  the  three-wire  stereo  type. 
Remember  to  double-check  the  hookup  of  the  power  jacks  in  the  battery  pack  and 
pistol.  Be  sure  that  the  positive  terminal  connects  to  the  tip  of  the  jack. 
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21-5  The  internal  arrangement  of  the  twin  six-volt  batteries,  fuse,  and  power  jack  for  the  bat¬ 
tery  pack. 


Table  21-2.  Battery  pack  parts  list 


B1,B2  6-Vdc  high  output  (4  AH  or  more)  gelled  electrolyte  or  lead  acid  rechargeable 
battery 

FI  5 -amp  fuse 

J1  M-inch  phone  jack 

1  Project  box,  measuring  4%-  by  7%-  by  2%-inches 

2  %-inch  eyelets 

1  Camera  or  guitar  strap 


Tip 


d\p 

Fuse 


Shaft 


1+ 

J=-  6VdC 

I 

IHI  6VdC 


21-6 

The  wiring  diagram  for  the 
battery  pack.  DO  NOT  omit  the 
fuse. 
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Battery  recharger 

The  battery  recharger  is  a  surplus  battery  eliminator/charger  pack  designed  for  12- 
volt  systems.  The  pack  outputs  13  to  18  volts  at  about  350  mA.  The  batteries  can  be 
recharged  in  the  box  by  unplugging  the  power  cord  that  stretches  between  the  pack 
and  pistol  and  plugging  in  the  recharger.  At  350  mA,  recharging  takes  from  10  to  14 
hours.  Because  the  battery  eliminator/recharger  is  not  “intelligent,”  be  sure  to  re¬ 
move  it  after  the  recharge  period.  Otherwise,  the  batteries  could  be  damaged  by 
overcharging. 

Adding  on  to  the  laser  pistol 

You  can  make  several  modifications  to  the  laser  pistol  to  increase  its  functionality 
and  versatility.  These  include  a  power  indicator  and  modulation  bypass  jack. 

Power  light  add-on 

A  power  light  provides  a  visual  indication  that  the  laser  gun  is  on.  The  light  is  espe¬ 
cially  helpful  if  you  are  using  the  pistol  in  daylight,  when  the  beam  is  hard  to  see  and 
you  want  to  be  sure  that  the  gun  is  working. 

The  power  light  consists  of  a  light-emitting  diode  and  current-limiting  resistor. 
Drill  a  hole  for  the  LED  in  the  rear  test  plug  and  mount  it  using  all-purpose  glue.  The 
LED  is  connected  in  parallel  with  the  laser  power  supply:  when  you  pull  the  switch, 
current  is  delivered  to  the  power  supply  and  LED. 

Modulation  bypass  add-on 

The  modulation  bypass  permits  you  to  easily  modulate  the  beam  with  an  analog  or 
digital  signal.  The  bypass  consists  of  a  %"  miniature  earphone  jack  connected  be¬ 
tween  the  cathode  lead  of  the  power  supply  and  the  cathode  terminal  of  the  tube. 
Both  LED  and  modulation  bypass  add-ons  are  shown  in  Fig.  21-7. 

To  add  the  bypass  to  the  pistol,  drill  a  hole  for  the  jack  in  the  rear  test  plug.  Ap¬ 
ply  high-voltage  putty  around  the  terminals  to  the  jack;  be  sure  that  none  of  the 
putty  interferes  with  the  contacts  of  the  jack.  The  putty  helps  prevent  arcing  be¬ 
cause  of  high  voltages.  When  not  using  the  bypass  jack,  insert  a  shorting  plug  into 
the  jack  (the  shorting  plug  has  its  internal  contacts  shorted  together). 

To  use  the  modulation  bypass,  remove  the  shorting  plug  and  insert  the  leads 
from  a  modulation  transformer,  as  detailed  in  Chapter  13,  “Free-Air  Laser  Light 
Communications.”  The  transformer  can  be  driven  by  an  audio  amplifier  so  that  sig¬ 
nals  can  be  transmitted  via  the  laser  beam.  Depending  on  what  you  connect  to  the 
modulation  transformer,  you  can  transmit  audio  signals  or  digital  data  over  distances 
exceeding  1  mile. 

Aiming  sights  or  scope 

If  you  plan  to  use  the  pistol  for  target  practice,  you’ll  want  to  add  front  and  rear  sight  s 
along  the  top  of  the  barrel.  Because  the  beam  comes  out  of  the  barrel  almost  1A"  from 
the  top,  you  are  bound  to  experience  parallax  problems  with  any  type  of  sight  system 
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21-7  Schematic  diagram  for  adding  the  modulation  bypass  and  LED  indicator  enhancements 
to  the  He-Ne  laser  pistol. 

you  use.  For  best  results,  mount  the  sights  as  close  the  barrel  as  possible — the  further 
away  they  are  from  the  barrel,  the  more  pronounced  are  the  effects  of  parallax  error. 

Effective  homemade  sights  can  be  made  inserting  two  small,  flat  or  pan-head 
machine  screws  into  the  top  of  the  barrel  (use  flat-blade  screws,  not  hex  or  Phillips). 
The  screws  should  be  short  and  should  not  overly  extend  inside  of  the  barrel.  If  they 
do,  the  tips  of  the  screws  could  interfere  with  the  laser  and  power  supply. 

Adjust  the  leveling  of  the  sights  by  turning  the  screws  clockwise  or  counter-clock¬ 
wise.  Position  the  “slits”  of  the  tops  of  the  screws  to  that  they  are  parallel  to  the  length 
of  the  barrel.  By  adjusting  the  height  of  the  screws,  you  compensate  for  the  differences 
in  parallel  between  the  sight  and  the  laser  tube.  Notice  that  there  is  no  need  to  adjust 
for  windage  because  the  light  is  not  affected  by  the  wind,  nor  do  you  need  to  compen¬ 
sate  for  bullet  trajectory  because  the  light  beam  will  continue  in  a  straight  path. 

Painting 

Although  painting  the  laser  pistol  won’t  make  it  work  better,  it  certainly  improves  its 
look.  Prior  to  painting,  you  should  remove  the  end  caps,  tube,  switch,  and  jack,  or 
else  use  masking  tape  to  prevent  paint  from  spraying  on  them.  Be  particularly  wary 
of  paint  coming  into  contact  with  the  output  mirror  of  the  tube  and  the  internal  con¬ 
tacts  of  the  power  plug. 

Black  ABS  plastic  pipe  does  not  need  to  be  painted,  saving  you  from  this  extra 
step.  However,  straight  pieces  of  1 V"  and  2"  black  ABS  plastic  are  hard  to  find.  Most 
plumbing  and  hardware  stores  carry  only  preformed  fittings  for  drains  and  other 
waste-water  systems. 
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Spray  on  a  light  coat  of  flat  black  paint;  Testor's  hobby  paints  are  a  good  choice, 
and  when  used  properly,  won’t  sag  during  drying.  The  paint  dries  to  a  touch  in  10  to 
15  minutes,  but  it  isn’t  cured  until  overnight.  You  can,  of  course,  paint  the  pistol  any 
color.  A  complete,  painted  pistol  is  shown  in  Fig.  21-8. 


21-8  The  completed  He-Ne  laser  pistol,  with  modulation  bypass  shorting  plug  installed,  and 
painted  black. 


Applications  for  the  laser  pistol 

Let’s  face  it,  the  He-Ne  laser  pistol  isn’t  going  to  make  you  Luke  Skywalker,  so  there 
is  little  chance  you’ll  be  going  around  the  galaxy  disintegrating  bad  guys.  The  output 
of  the  tube  used  in  the  pistol  (like  all  other  helium-neon  lasers)  isn’t  enough  to  be 
felt  on  skin — it  won’t  burn  holes  in  anything,  nor  is  it  capable  of  any  kind  of  destruc¬ 
tion.  That  leaves  rather  peaceful  applications  of  the  pistol. 

Before  detailing  some  of  the  fun  you  can  have  with  the  laser  pistol,  let’s  go  over 
the  safety  requirements  once  more.  The  hand-held  nature  and  design  of  the  pistol 
might  prompt  you  to  use  it  in  a  Laser  Tag- like  game.  Don’t.  The  eyes  of  you  and  your 
opponent  (man  or  beast)  could  be  exposed  to  the  laser  beam,  a  definite  health  haz¬ 
ard.  Point  the  pistol  only  at  inanimate,  “blind”  objects. 

Target  practice 

You  can  use  any  bullseye  target  to  test  your  shooting  skills.  As  long  as  the  light  doesn’t 
reflect  in  his  eyes,  you  can  have  a  friend  stand  near  the  target  and  announce  your  score 
at  each  hit. 
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Another  more  professional  method  is  to  build  the  electronic  target.  This  consists 
of  a  phototransistor  sensor,  amplifier,  and  sound  effects  generator.  Place  the  photo¬ 
transistor  in  the  center  of  the  target.  The  circuit  shown  in  Fig.  21-9  counts  the  number 
of  hits  on  the  photosensor  (see  the  parts  list  in  Table  21-3).  Each  direct  hit  on  the  sen¬ 
sor  causes  the  counter  to  increment  by  one.  Although  the  chip  used  in  the  circuit  is  ca¬ 
pable  of  counting  up  to  9999  (four  digits),  it’s  unlikely  you’ll  be  scoring  that  high  in  any 
one  session.  Only  two  digits  are  used  for  a  total  coimt  of  up  to  99.  After  99,  the  counter 
resets  to  00.  You  can  reset  the  counter  manually  by  pressing  the  RESET  switch. 
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21-9  A  two-digit  counter  built  around  the  versatile  74C926  counter  chip  (this  chip  includes  a 
counter  and  segment  encoder).  Press  SI  to  reset  the  counter. 


Table  21-3.  Two-digit  counter  parts  list 


R1,R2 

R3-R9 

C1,C2 

1C1 

Q1,Q2 

Q3 

LED1,  2 
SI 


10-kfl  resistor 

1-kfl  resistor  (required  when  power  supply  is  5  volts  or  more) 
0.01-pF  disc  capacitor 

National  Semiconductor  74C926  integrated  counter  IC 
2N2222  transistor 
Infrared  phototransistor 
Common-cathode  seven-segment  LED  display 
Momentary,  normally  open  SPST  switch 


All  resistors  are  5-  to  10-percent  tolerance,  'A  watt.  All  capacitors  are  10-  to  20-percent 
tolerance,  rated  35  volts  or  more. 


Building  laser  uray  guns ”  and  light  cannons  325 


You  can  devise  any  number  of  interesting  and  challenging  target  practice  games. 
Manually  count  the  number  of  shots  you  squeeze  off,  then  compare  it  to  the  number 
on  the  counter.  The  ratio  of  shots  versus  hits  is  your  shooting  average.  Try  practic¬ 
ing  at  various  distances  from  the  target.  First  try  five  yards  (151),  10  yards,  25  yards, 
then  35  yards.  How  does  your  shooting  average  compare  at  each  distance? 

You  can  stage  shooting  matches  with  your  friends,  without  worry  of  using  up 
ammo,  upsetting  the  neighbors,  and  risking  putting  your  eye  out  with  an  errant  B-B. 
Have  someone  keep  score  and  compare  results  after  each  session. 

Hand-held  pointer 

Although  the  He-Ne  pistol  is  rather  large  for  the  task,  it  can  be  effectively  used  as  a 
hand-held  pointer.  Even  in  a  large  auditorium  with  a  brightly  lit  movie,  the  laser 
pointer  can  be  easily  seen  on  the  screen. 

If  you  don’t  care  for  the  pin-point  of  light,  try  shaping  the  beam  with  optics  and 
a  shape  mask.  Use  a  double-concave  lens  to  expand  the  beam  from  its  nominal  0.75 
mm  to  about  10  mm.  A  bi-convex  lens  collimates  the  beam  (makes  the  rays  parallel 
again).  In  front  of  the  collimating  lens,  place  a  mask  of  an  arrow,  cut  from  a  piece  of 
thick  black  plastic,  aluminum  foil  or  photographic  film  (your  local  offset  printer  can 
provide  a  high-contrast  mask  of  any  artwork).  When  using  aluminum  foil,  paint  both 
front  and  back  sides  to  cut  down  light  reflections. 

Because  the  positioning  of  the  optical  components  depends  on  the  focal  lengths 
of  the  lens,  you  should  experiment  with  some  lenses  and  try  out  the  system  before 
building  it  onto  the  pistol.  When  you  have  determined  the  proper  placement  of  the 
lens  and  mask,  mount  them  in  PVC  pipe  or  paper  tube  and  attach  the  pipe  to  the  end 
of  the  pistol.  A  2"  coupler  can  be  used  to  easily  attach  extensions  to  the  front  of  the 
laser. 

The  ultimate  cat  toy 

Believe  it  or  not,  many  owners  of  helium-neon  lasers  spend  countless  hours  using 
the  bright  red  beam  as  an  electromagnetic  cat  toy.  If  you  have  a  cat,  and  it’s  fairly 
playful,  try  this  experiment:  When  the  animal  is  least  expecting  it,  shine  the  beam  on 
the  floor  (not  into  its  eyes).  Most  cats  will  react  to  the  beam  by  pouncing  on  it.  Of 
course,  they  can  never  get  it  because  it’s  simply  a  spot  of  light  on  the  carpet.  Scan 
the  beam  at  a  fairly  slow  rate  and  have  the  cat  chase  after  it. 

Dogs  don’t  seem  much  interested  in  laser  spots.  Mine  just  licks  the  end  of  the 
laser  and  wags  his  tail. 

Build  a  compact  laser  ray  gun 

The  laser  “ray  gun”  pistol  project  uses  a  commercially  available  “Laser  Tag”  (or 
equivalent)  pistol  as  the  basis  for  a  real  laser  gun.  Although  the  toy  pistol  is  easier  to 
make  because  you  don’t  have  to  fashion  parts  from  PVC  pipe,  it  does  require  that  you 
use  miniature  components,  which  are  harder  to  find  and  more  expensive. 

Some  parts  are  removed  and  a  real  laser  tube,  miniature  power  supply,  and 
switch  are  added  to  a  “Laser  Tag”  gun,  as  shown  in  Fig.  21-10. 


326  Chapter  21 


SI 


21-10  Wiring  diagram  for  the  toy  pistol  modification.  Keep  lead  length 
as  short  as  possible. 


The  parts  just  fit.  Well,  that’s  not  true.  The  plastic  around  the  trigger  had  to  be 
trimmed  down  because  the  power  supply  wouldn’t  fit  in  the  grip.  The  original  plastic 
trigger  of  the  gun  was  made  immobile,  and  a  miniature  momentary  pushbutton 
switch  was  carefully  inserted  in  the  trigger.  All  components  are  installed  with  heavy 
double-sided  foam  tape.  There  is  little  room  for  mounting  hardware. 

Table  21-4  provides  a  parts  lists  for  the  laser  pistol. 


Table  21-4.  Laser  pistol  parts  list 

1  Plastic  Laser  Tag  (or  similar)  toy  pistol 
1  Miniature  He-Ne  laser  tube 

1  9-volt  high-voltage  laser  power  supply 
1  75-kQ  (nominal)  ballast  resistor,  3  to  5  watt 

1  SPST  momentary  switch,  normally  open 

Misc.  Battery  clip,  9-volt  alkaline  battery 


Notice  the  miniature  power  supply.  This  supply  is  just  slightly  larger  than  a 
9-volt  battery,  yet  operates  from  9  Vdc  from  a  transistor  battery.  With  the  miniature 
“007”  laser  tube  used,  an  alkaline  transistor  battery  lasts  about  three  or  four  minutes 
before  pooping  out. 

To  provide  longer  play  time,  a  pistol  is  outfitted  with  an  external  power  jack.  The 
jack  is  the  normally  closed  type  so  that  when  no  plug  is  inserted,  juice  from  the  bat¬ 
tery  flows  to  the  power  supply.  But  insert  a  jack  into  the  plug,  and  the  battery-to- 
power  supply  connection  is  broken.  The  power  supply  is  then  operated  from  the 
external  dc  provided  through  the  jack.  You  can  use  the  same  12-volt  battery  pack 
built  for  the  PVC  laser  pistol,  or  design  a  more  compact  one  for  belt-clip  operation. 
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Build  a  laser  light  cannon 

Few  sources  of  light  are  as  strong  as  a  laser  beam,  a  hand-held  pointer  designed 
around  a  small  He-Ne  laser  tube  and  miniature  power  supply  can  be  used  to  project 
a  sharp  and  bright  pin-point  of  light  onto  movie  and  slide  screens,  or  the  curved  sur¬ 
face  of  a  planetarium. 

The  laser  cannon  described  here  uses  a  tiny  “007”  tube,  available  from  several 
laser  surplus  sources,  including  Meredith  Instruments.  The  tube  measures  4%"  long 
by  Vs"  in  diameter  (that  includes  the  mirrors  and  mounts;  the  actual  glass  tube  is  only 
3%"  long) .  To  make  the  cannon  compact  and  easily  manageable  (for  mounting  on  a 
robot,  for  example),  a  miniature  high-voltage  power  supply  is  powered  by  two  9-volt 
batteries  hooked  up  in  parallel. 

The  laser  tube  fits  in  a  4%"  length  of  1"  schedule  125  PVC  (the  schedule  125  plas¬ 
tic  pipe  has  thinner  walls  than  standard  schedule  40  pipe).  The  laser  tube  is  fitted 
into  the  plastic,  with  connections  to  the  anode  and  cathode,  as  shown  in  Fig.  21-11. 
Two  1"  end  cap  protects  the  ends  of  the  tube,  as  shown  in  Fig.  21-12. 


To 

power 

supply 


21-11  Create  a  basic  laser  cannon  using  PVC  pipe,  as  shown. 


Cathode  Laser 


End 

cap  Pipe 


21-12  Use  end  caps  to  protect  the  laser  inside  the  PVC  pipe. 


The  power  supply,  battery,  and  on-off  switch  mount  in  a  3'Xo"-x-1%"-x-2;Xg"  plas¬ 
tic  project  box  (the  exact  size  of  the  box  is  not  important,  but  this  box  represents  the 
smallest  you  can  get  away  with  when  using  the  components  specified  in  Table  21-5. 
Fit  the  power  supply,  batteries  and  clips,  and  on/off  switch,  as  shown  in  Fig.  21-13. 

The  prototype  laser  is  designed  with  a  separate  head  and  power  supply  section. 
You  might  want  to  connect  the  two  to  make  the  device  more  convenient  to  use  by  at- 
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Table  21-5.  Laser  cannon  parts  list 


1  Miniature  He-Ne  laser  tube 

1  12 -volt  high-voltage  laser  power  supply 

1  75-kQ  (nominal)  ballast  resistor,  3  to  5  watt 

1  SPST  momentary  switch,  normally  open 

1  4%-inch  1-inch  schedule  125  P VC  pipe 

2  1-inch  end  caps 

1  Project  box  (see  text) 

Misc,  Battery  clip,  12-volt  alkaline  battery  or  battery  pack 


Miniature 

modular 

power  9-volt 

supply  batteries 


zs\ 

Power 


21-13 

Place  the  batteries,  on/off 
switch,  and  laser  power  supply 
in  a  small  project  box. 


taching  the  PVC  tube  to  the  power-supply  enclosure — double-sided  foam  tape  works 
well. 

Because  the  tube  and  power  supply  are  separate,  the  cannon  also  be  used  in  a 
number  of  other  applications.  You  can  also  use  the  pointer  as  a  laser  sight  on  a  com¬ 
petition  air  rifle.  The  enclosure  can  be  attached  to  the  wooden  stock  with  screws;  the 
tube  to  suitable  mounts. 

The  parts  specified  in  Table  21-5  can  also  be  placed  in  a  larger  pipe  enclosure,  to 
make  a  “saber”-like  weapon.  Cut  a  piece  of  1"  PVC  pipe  to  10".  Fit  the  laser  compo¬ 
nents,  as  shown  in  Fig.  21-14.  The  laser  is  placed  in  the  front  of  the  tube,  followed  by 
the  power  supply,  then  the  two  batteries.  The  pair  of  batteries  can’t  fit  in  the  tube 
side-by-side,  so  you  must  install  them  one  after  the  other.  Place  1"  end  plugs,  with  a 
hole  drilled  in  the  front  one,  to  protect  and  hold  the  components  in  the  pointer. 

Build  a  compact  diode  laser  gun 

Thanks  to  the  emergence  of  low-priced  visible  light  diode  lasers,  it’s  now  possible  to 
create  truly  small  and  compact  laser  ray  guns.  The  following  project  shows  how  to 
use  the  laser  diode  from  a  commonly  available  laser  pointer  (about  $30  to  $50)  to 
construct  a  laser  ray  gun  of  almost  any  shape  and  size  you  wish. 
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21-14  Use  a  longer  piece  of  pipe,  and  rearrange  the  power  supply  and  batteries,  to  make 
a  light  saber. 


About  lasers  in  laser  pointers 

Laser  pointers  are  great  little  gadgets.  They  consist  of  a  small,  self-contained  laser 
module,  and  one  or  two  batteries  to  power  the  thing.  Everything  fits  into  a  small  cylin¬ 
der  the  size  of  a  penlight.  You  can  purchase  laser  pointers  at  a  number  of  places,  ei¬ 
ther  new  or  surplus.  I  bought  the  model  shown  in  Fig.  21-15  at  a  local  home 
improvement  store,  of  all  places.  You  can  also  purchase  laser  pointers  via  mail  order. 
Edmund,  Meredith  Instruments,  and  MWK  are  three  such  outfits  that  carry  laser 
pointers.  Refer  to  Appendix  A  for  addresses  of  these  and  other  mail-order  companies. 
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Laser  module  Sleeve  for  batteries  Barrel  (holds  sleeve 

and  batteries) 

21-15  The  typical  design  of  a  laser  pointer;  it  makes  an  excellent  starter  for  many  compact 
visible  light  laser  diode  projects. 

The  part  of  the  laser  pointer  we’re  interested  in  the  most  is  the  module.  This  mod¬ 
ule  contains  all  the  components  necessary  to  operate  the  laser,  except  for  the  battery 
power.  In  the  module,  you’ll  find  the  laser  itself,  collimating  optics,  and  drive  circuitry. 
The  module  itself  forms  a  heatsink  to  keep  the  whole  thing  cool. 

The  module  is  powered  by  3  to  6  volts.  Most  laser  pointers  use  two  AAA  batter¬ 
ies.  These  provide  just  enough  voltage  and  current  to  operate  the  laser  for  extended 
periods  of  time.  I’ve  operated  the  laser  module  in  my  diode  laser  ray  gun  for  several 
hours  before  having  to  replace  the  batteries. 

Constructing  the  laser  gun 

Most  models  of  laser  pointers  can  be  easily  disassembled.  Unscrew  the  outer  jacket  as 
if  you  are  replacing  the  batteries.  Remove  the  batteries.  You  can  now  remove  the  laser 
module  (you  might  have  to  twist  off  the  front  of  the  pointer  to  reach  the  module) . 

To  construct  your  laser  gun,  you  need  only  secure  the  laser  module  within  the 
innards  of  the  gun.  Double-sided  tape  can  be  used  for  a  semi-permanent  installation, 
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or  you  can  use  epoxy  glue  for  a  permanent  job.  Avoid  drilling  into  the  module  to 
physically  attach  it  to  the  inside  of  the  gun. 

Batteries  can  be  located  wherever  this  is  room  inside  the  gun.  I  look  for  toy  laser 
guns  that  already  have  a  battery  compartment  in  them.  This  usually  provides  enough 
room  for  the  AAA  batteries,  and  the  compartment  is  accessible  for  easy  replacement 
of  the  batteries,  without  disassembling  the  gun  itself.  Notice  that  you  should  not  use 
a  9-volt  transistor  battery  to  power  the  laser  pointer  module  because  this  exceeds 
the  safe  operating  voltage  of  most  laser  diode  modules.  If  the  toy  pistol  you  are  us¬ 
ing  for  the  gun  incorporates  a  9-volt  battery  compartment,  you  will  likely  need  to  re¬ 
fit  it  for  two-AAA  battery  operation. 

An  operating  switch  can  be  added  to  the  gun  if  it  doesn’t  already  have  one.  If  the 
toy  gun  you  are  using  lacks  an  electric  switch,  you  can  add  one  to  the  compact  gun 
in  a  manner  similar  to  that  described  in  “Build  a  Compact  Laser  Ray  Gun,”  earlier  in 
this  chapter. 

When  you  are  wiring  the  laser  components  inside  the  gun,  it  is  important  that 
you  do  not  solder  directly  to  the  laser  module  itself.  Soldering  to  the  module  might 
cause  excessive  heat,  and  could  damage  the  laser  diode  inside.  Rather,  it’s  better  to 
fashion  a  metal  sleeve  that  fits  around  the  module  (you  can  use  brass  or  aluminum 
tubing,  available  at  most  hobby  stores),  and  solder  it  to  the  sleeve  instead.  The 
sleeve  provides  electrical  contact  to  the  outside  of  the  module,  which  typically 
serves  as  the  negative  or  ground  power  terminal. 

This  is  the  approach  I  used  for  the  prototype  laser  diode  gun,  as  shown  in  Fig. 
21-16.  The  sleeve  was  included  as  part  of  the  laser  pointer  I  purchased.  The  sleeve  also 
serves  as  a  battery  holder.  A  small  metal  clip  is  used  to  touch  the  negative  terminal  of 
the  second  battery.  This  clip  is  connected  to  the  control  switch,  and  then  to  the  out¬ 
side  of  the  sleeve.  Pressing  the  switch  completes  the  circuit,  and  turns  the  laser  on. 
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21-16 

Use  the  metal  sleeve  included 
with  the  laser  pointer  to  devise  a 
means  to  connect  to  the  battery 
and  switch.  With  most  laser 
pointers,  the  sleeve  also  acts  as  a 
heatsink. 


Making  the  laser  gun  attractive 

Feel  free  to  embellish  your  diode  laser  gun  in  any  way  you  see  fit.  For  example,  you 
might  want  to  paint  the  gun  flat  black  or  some  other  color.  Decals  can  be  applied  to 
add  color  and  design.  A  number  of  space-age  looking  decals  are  available  at  most 
hobby  stores.  The  decals  apply  with  water. 

Note:  If  you  paint  the  gun,  remember  to  apply  an  overcoat  so  that  the  decals  will 
stick  to  the  paint.  The  overcoat  is  available  in  the  model  paint  section  of  the  hobby 
store. 
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CHAPTER 

More  laser  projects! 


Throughout  this  book,  you’ve  discovered  numerous  applications  for  your  helium- 
neon  and  diode  laser.  Yet  there  are  many,  many  more,  enough  to  fill  several  volumes 
twice  the  size  of  this  book.  This  chapter  briefly  reviews  additional  applications  for 
lasers  and  details  the  components  and  procedures  involved.  Feel  free  to  expand 
upon  the  ideas  presented  in  the  pages  that  follow;  consider  the  projects  as  spring¬ 
boards  for  your  own  advanced  experiments. 

Optical  switch  using  LCD  panel 

An  ordinary  liquid  crystal  display  (LCD)  can  be  used  as  a  type  of  laser  shutter.  In¬ 
stead  of  using  the  display  to  indicate  letters  or  numbers,  you  shine  a  laser  through  it. 
When  voltage  is  applied  to  the  terminals  of  the  display,  the  crystals  alternately  rotate 
between  their  aligned  and  non-aligned  states,  breaking  and  passing  the  beam. 

The  basic  construction  of  an  LCD  is  shown  in  Fig.  22-1.  To  use  the  panel  as  a 
laser  beam  switch,  remove  the  back  reflective  paper.  If  you  accidentally  remove  the 
polarizing  sheet,  replace  it  with  another.  Be  sure  that  the  replacement  sheet  is  ori¬ 
ented  in  the  proper  direction. 

Connect  a  5-volt  battery  source  to  the  terminals  on  the  display.  One  or  more  seg¬ 
ments  should  blink  on.  You  can  use  any  of  the  segments  as  long  as  it  is  wide  enough 
to  block  the  entire  beam.  If  the  segments  dim  out  after  you  apply  current,  drive  the 
display  with  5-  to  10-Hz  pulses  provided  by  a  555  timer  IC  (any  book  on  the  555  can 
provide  details  on  how  to  wire  it  as  a  pulse  generator).  You  can  also  drive  the  panel 
with  an  audio  source,  such  as  a  tape  recorder,  radio,  or  amplified  microphone. 

To  use  the  panel,  position  it  in  front  of  the  laser  and  turn  the  segment  on  and  off. 
Notice  that  even  when  the  segment  is  on,  some  of  the  laser  beam  will  pass  through, 
so  the  LCD  panel  can’t  be  used  as  an  absolute  shutter.  If  you  are  using  the  panel  as  a 
modulation  system,  place  a  phototransistor  in  the  path  of  the  light  and  amplify  the 
signal  using  the  long-range  laser  light  receiver  detailed  in  Chapter  13. 
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Crystal  matrix 


Rear  polarizer 
(with  silvered  back) 


Front  polarizer 
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Segments  of  digits 

1 1 1 1 1 1 1 1 11 1 1 1  h/ 


I  H-l  fl-H  1-H-H4 


I 


Electrical  contacts 
(may  be  thin-film;  use 
conductive  paint  or  ink 
to  apply  contact  leads) 


22-1  Construction  of  a  reflective  liquid  crystal  display  (LED)  panel.  To  use  the  panel  as  a  shutter,  remove  the 
silver  backing  on  the  reverse  side  of  the  rear  polarizer.  Activate  the  panel  by  applying  low  voltage  dc  to  the 
electrical  contacts.  Shine  the  laser  through  one  or  more  segments. 


Build  a  laser  "snooper" 

Imagine  being  able  to  hear  whispers  inside  buildings  at  500',  or  conversations  at  a 
quarter  of  a  mile  away.  The  laser  snooper  brings  distant  sounds  closer  to  you  so  you 
can  listen  in  with  your  headphones,  or  record  for  posterity  on  a  portable  cassette 
player.  The  laser  snooper  relies  on  detecting  the  minute  vibrations  of  a  laser  beam 
reflected  off  a  pane  of  glass  or  other  semi-rigid  material.  The  vibrations  are  caused 
by  sound  waves,  causing  the  window  to  move  slightly.  By  reflecting  the  laser  light 
back  into  a  receiver,  you  can  transform  the  vibrations  back  into  sound. 

Audio  amplifier  circuit 

The  following  audio  amplifier  circuit  is  based  on  an  LM387  dual  preamp  IC.  The  parts 
list  for  the  circuit  is  provided  in  Table  22-1.  Notice  that  of  this  writing,  this  circuit  is 
available  in  kit  form  from  Allegro  Systems  (see  Appendix  A  for  address),  headed  by 
fellow  laser  enthusiast  Anthony  Charlton,  who  provided  this  circuit  with  permission. 
Because  of  the  high  gain  of  the  circuit,  I  recommend  that  you  either  purchase  the  kit, 
or  build  the  circuit  on  a  custom-made  circuit  board.  The  circuit  is  designed  for  use 
with  a  small  microphone  pickup,  but  a  light-detecting  sensor  diode  can  easily  take  its 
place.  Locate  the  sensor  behind  a  suitable  lens.  See  Chapters  13  and  14  for  more 
ideas  on  free-air  laser-light  communications,  and  how  to  intercept  and  focus  laser 
light  using  lenses. 
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Table  22-1.  LM  387  amplifier  parts  list 


R1  10-k£>  resistor 

R2  100-£>  resistor 

R3  4.7-MG  resistor 

R4,R6  3.3-kQ  resistor 

R5  220-G  resistor 

Cl  220-pF  disc  capacitor 

C2,C3,C5  0.47-pF  disc  capacitor 

C4  1.0-F  polarized  electrolytic  capacitor 

IC1  LM387  integrated  amplifier  IC 

D1  1N34A  diode 

SI  SPST  switch 

Misc.  Electret  condenser  microphone 


All  resistors  are  5-  to  10-percent  tolerance,  /  watt.  All 
capacitors  are  10-  to  20-percent  tolerance,  rated  35  volts  or 
more. 


The  two  preamps  are  used  independently  to  boost  the  sound  amplification  in 
steps.  The  first  stage  increases  the  amplification  from  the  microphone  some  47,000 
times.  The  microphone  used  in  the  project  is  an  ordinary  electret  condenser  type 
with  a  built-in  FET  preamp  transistor.  The  mic  used  in  the  prototype  was  the  two- 
terminal  (as  opposed  to  the  three-terminal)  variety,  available  at  a  number  of  elec¬ 
tronics  surplus  outfits. 

The  second  stage  of  the  preamp  IC  is  used  in  a  novel  sound-limiting  scheme.  To 
understand  the  importance  of  audio  limiting,  imagine  you’re  listening  to  some  far-away 
sounds  through  a  set  of  headphones.  Suddenly,  a  jokester  nearby  fires  a  cap  gun  in 
front  of  the  microphone.  Without  limiting,  your  ears  would  be  subjected  to  a  great 
burst  of  noise  as  the  amplifier  boosts  the  signal  as  high  as  it  can.  Given  the  right  cir¬ 
cumstances,  your  eardrums  could  be  damaged  if  exposed  to  such  high-volume  sounds. 

The  limiter  permits  audio  signals  of  only  1  volt  peak-to-peak  or  less  to  pass 
through  to  the  headphone  amplifier.  That  means  that  signals  greater  than  1  volt 
peak-to-peak  are  cut  off  by  the  feedback  mechanism  constructed  around  the  second 
preamp  stage.  A  220-pF  capacitor,  C6,  is  attached  to  the  anode  end  of  Dl,  and  pre¬ 
vents  oscillation.  If  you  experience  oscillation  in  your  circuit,  increase  the  value  of 
this  cap  to  330  pF  or  470  pF. 

The  second  half  of  the  amplifier  circuit  consists  of  a  headphone  amp.  This  amp 
consists  of  a  2N2222  signal  transistor  and  adds  enough  current  to  the  signal  for  use 
with  8-£>  dynamic  headphones.  Alternatively,  you  can  connect  the  output  of  the 
LM387  amplifier  to  the  line  input  of  a  tape  recorder.  Use  a  10-k£2  potentiometer  as  a 
level  control  and  be  sure  to  use  shielded  cable  to  reduce  unwanted  hiss.  In  fact,  you’ll 
want  to  use  shielded  cable  for  both  the  mic  input  and  all  amplified  signal  outputs. 

Because  you  might  wish  to  use  this  same  amplifier  circuit  in  many  projects,  you 
might  want  to  build  the  project  using  %"  audio  jacks  for  the  microphone  input  and 
sound  output.  A  switch  lets  you  turn  the  circuit  on  and  off. 
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The  LM387  amplifier  circuit  uses  readily  available  components  and  be  built  us¬ 
ing  most  any  circuit  construction  technique.  I  used  a  universal  solder  board  to  put 
the  prototype  together,  and  fit  everything  in  a  2%"-x-5%"-x-l3A"  plastic  project  box. 

Using  and  testing  the  snooper 

Test  the  circuit  before  building  the  rest  of  the  electronic  ear.  Connect  a  photodiode 
to  the  input  and  a  pair  of  headphones  to  the  output.  Don’t  put  the  headphones  on 
yet.  You  can  wear  the  headphones,  but  place  the  earpieces  on  above  your  ears  (on 
the  sides  of  your  head)  instead  of  directly  over  your  ears. 

Turn  the  circuit  on  and  temporarily  cover  the  photodiode.  Listen  for  the  telltale 
squealing  sound  of  an  oscillating  circuit.  If  you  don’t  hear  a  squealing,  you  can  proceed 
to  the  next  step.  If  oscillation  does  pose  a  problem,  you  might  need  to  increase  the 
value  of  C6  or  increase  R5.  Notice  that  increasing  R5  from  220  H  to  a  high  value  will  re¬ 
duce  or  eliminate  oscillations,  but  will  also  decrease  the  gain  of  the  circuit.  Don’t  re¬ 
place  R5  with  a  potentiometer  because  the  construction  of  a  pot  can  add  significant 
noise  to  the  amplified  circuit.  Keep  trying  new  values  until  you  get  one  that  works. 

If  oscillation  is  still  a  problem,  you  can  reduce  gain  (and  hence  the  oscillations) 
by  replacing  R3,  a  4.7-MQ  resistor,  with  a  1.5-MQ  resistor.  Decreasing  the  value  of  R3 
decreases  the  overall  gain  of  the  circuit. 

Assuming  the  circuit  is  working  and  not  oscillating,  uncover  the  photodiode  and 
point  it  at  an  incandescent  lamp.  Place  the  headphones  over  your  ears.  You  should 
hear  a  60-Hz  “hum”  coming  from  the  lamp  switching  on  and  off. 

To  use  the  laser  snooper,  point  a  laser  at  a  window.  Windows  that  are  thin  and 
not  double-paned  work  best.  Move  the  laser  so  that  its  light  strikes  the  window  at  a 
slight  angle.  Depending  on  the  surface  of  the  glass,  some  of  the  laser  light  will  be  re¬ 
flected  off  the  surface.  Position  the  receiver  so  that  the  reflected  light  strikes  the 
photodiode.  Depending  on  the  distance  between  laser  and  window,  and  window  and 
receiver,  a  small  20-  to  30-mm  plano-convex  lens  placed  in  front  of  the  sensor  might 
help  focus  the  light,  and  will  improve  sound  reception. 

Turn  on  some  music  inside  the  room,  on  the  other  side  of  the  glass.  Adjust  the 
volume  to  normal  listening  level.  You  should  hear  this  music  through  the  laser 
snooper  receiver.  If  you  don't,  the  reflected  beam  might  not  be  fully  striking  the  pho¬ 
todiode.  Or,  the  window  might  absorb  too  much  of  the  vibrations. 

Now  a  cautionary  note:  Be  aware  that  owning  and  using  a  laser  bug  might  be  il¬ 
legal.  It’s  decidedly  a  bad  idea  to  construct  and  use  a  bug  to  intercept  the  conversa¬ 
tions  of  others  unless  you  have  their  permission. 

Laser  tachometer 

Pulses  of  light  can  be  used  to  count  the  rotational  speed  of  just  about  any  object — 
even  when  you  can’t  be  near  that  object.  The  heart  of  the  laser  tachometer  is  the 
counter  circuit  shown  in  Fig.  22-2  (parts  A  through  D).  A  parts  list  is  provided  in 
Table  22-2.  In  use,  shine  a  helium-neon  laser  at  the  rotating  object  that  you  want  to 
time.  If  you  can,  paint  a  white  or  reflective  strip  on  the  object  so  that  the  beam  is  ad¬ 
equately  reflected.  Place  a  photosensor  and  amplifier  at  the  point  where  the  re¬ 
flected  beam  lands,  and  connect  the  amp  to  the  input  of  the  counter  circuit. 
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22-2  A  schematic  diagram  for  a  light-activated  tachometer,  shown  in  subsections.  (A)  Main  counter  circuit; 
(B)  Trigger  logic  circuit. 
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(C)  Crystal-controlled  time  base. 
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22-2  (D)  Phototransistor  inputs  for  trigger  reset  (optional).  An  alternate  time  base,  using  an  LM555  timer 
chip,  is  shown  in  22-5E. 

At  each  revolution,  the  light  beam  is  reflected  off  the  reflective  strip  on  the  ob¬ 
ject  and  directed  into  the  photosensor,  amplifier,  and  counter.  The  counter  resets  it¬ 
self  every  second,  thereby  giving  you  a  readout  of  the  rate  of  the  revolution  per 
second.  For  example,  if  a  car  wheel  is  turning  at  100  revolutions  per  second,  the 
number  100  appears  on  the  display.  To  compute  revolutions  per  minute  (rpm),  mul¬ 
tiply  the  result  on  the  readout  by  60. 

The  maximum  count  using  the  three  digits  of  the  counter  is  999.  That  equates  to 
59,940  revolutions  per  minute,  faster  than  even  a  jet  turbine.  You  shouldn’t  run  into 
too  many  things  that  outpace  the  tachometer. 

Perimeter  burglar  alarm 

Many  stores  use  infrared  break-beam  systems  to  detect  when  a  customer  walks 
through  the  front  door.  Each  time  the  beam  is  broken,  a  bell  in  the  back  rings,  telling 
store  personnel  that  someone  has  entered.  A  similar  approach  can  be  used  in  a 
perimeter  burglar  alarm  system.  The  narrow  divergence  of  the  lasers  means  you  can 
bounce  a  single  beam  around  the  yard,  thus  protecting  a  relatively  large  area.  Figure 
22-3  shows  a  few  ways  to  position  the  laser,  mirrors,  and  receiver  around  the  house. 

To  actuate  an  alarm,  connect  the  output  of  the  receiver  to  a  relay  and  bell.  When 
the  beam  is  broken,  the  voltage  present  at  the  output  of  the  receiver  drops,  the  re¬ 
lay  kicks  in,  and  the  bell  sounds  off. 

Basics  of  the  laser  gyroscope 

The  latest  commercial  jets  use  a  laser-based  inertial  guidance  system.  Three  ring- 
shaped  lasers  detect  rate  and  rotation  of  the  aircraft  in  all  three  axes  (pitch,  yaw,  and 
roll)  and  provide  the  data  to  an  on-board  computer.  The  advantage  of  the  laser  gy¬ 
roscope  is  accuracy — even  after  many  thousands  of  hours  of  use. 
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Table  22-2.  Laser  tachometer  parts  list 


Counter  Block  (Fig.  22-5A) 

IC1  4553  CMOS  counter  IC 

IC2  451 1  CMOS  LED  driver  IC 

R1-R10  1-kQ  resistor 

Cl  0.001-jliF  disc  capacitor 

Q1-Q3  2N3906  transistor 

LED  1-3  Common-cathode  seven-segment  LED  display 

Trigger  Logic  Circuit  (Fig.  22-5B) 

IC1  4013  CMOS  flip-flop  IC 

IC2  401 1  CMOS  NAND  gate  IC 

R1,R2  10-kO  resistor 

C1,C2  0.001-pF  disc  capacitor 

Crystal-Controlled  Time  Base  (Fig.  22-5C) 

IC1  4013  CMOS  flip-flop  IC  (from  trigger  logic  circuit) 

IC2  4020  CMOS  counter  IC 

IC3  4017  CMOS  counter  IC 

IC4  401 1  CMOS  NAND  gate  IC 

R1  220-kQ  resistor 

R2  5.1 -MO  resistor 

Cl  5-20-pF  miniature  variable  capacitor 

C2  22-pF  disc  capacitor 

SI  DPDT  switch 

Phototransistor  Inputs  (Fig.  22-5D) 

Q1  Infrared  phototransistor 

R1  10-kO  resistor 

Cl  0.01 -pF  disc  capacitor 

Alternate  Time  Base  Circuit  (Fig.  22-5E) 

IC1  LM555  timer  IC 

R1,R2  1 -MO  resistor 

Cl  0.47-pF  silvered  mica  capacitor 

C2  0.1 -pF  disc  capacitor 

All  resistors  are  5-  to  10-percent  tolerance,  %  watt.  All  capacitors  are  10-  to 
20-percent  tolerance,  rated  35  volts  or  more,  unless  otherwise  indicated. 


The  laser  gyroscope,  shown  schematically  in  Fig.  22-4,  is  modeled  after  a  Michel- 
son  interferometer.  Two  beams  are  passed  around  the  circumference  of  the  gyro  and 
integrated  at  one  or  more  photosensors  and  receivers.  When  at  rest,  the  two  beams 
travel  the  same  distance  and  there  is  no  change  at  the  photosensors.  But  when  the 
gyroscope  is  set  into  motion,  one  beam  travels  a  longer  distance  than  the  other,  and 
that  results  in  a  Doppler  shift  that  causes  beat  frequencies  or  optical  heterodyning 
at  the  detectors.  These  beat  frequencies,  which  are  like  low-frequency  audio  tones, 
are  correlated  by  a  flight  computer. 


More  laser  projects!  339 


Receiver 


Mirror 


Top  view  of  house  and  yard 


■X3  HI 

‘  


House 


Walkway 

Laser 


Mirror 


Top  view  of  house  and  yard 


Driveway 


Receiver 


Laser 


Mirror 


Front/side  yard/driveway  protection 
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Front  door  protection 
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22-3  Two  approaches  to  building  a  break-beam  perimeter  laser  alarm  system.  For  very  long  distances,  colli¬ 
mate  the  beam  as  detailed  in  Chapter  8. 


To  sensor  To  sensor 
1  2 


22-4 

Basic  configuration  of  the  laser 
gyroscope.  The  two  beams  may 
also  be  directed  to  one 
photosensor. 


The  Michelson  interferometer  detailed  in  Chapter  9  can  be  modified  to  work  as 
a  laser  gyroscope.  Just  mount  the  base,  with  laser,  on  a  ball-bearing  turntable  (lazy 
Susan).  Position  a  photosensor  at  the  spot  where  the  two  beams  meet  and  route  the 
signal  to  an  amplifier.  You  can  hear  the  effect  of  movement  when  the  interferometer 
is  rotated. 
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Studying  fluid  aerodynamics 

You  can  readily  see  the  effects  of  wind  on  airfoils  by  rigging  up  your  own  laser 
smoke  chamber.  Build  an  accurate  plastic  model  and  be  sure  that  the  wings,  fuse¬ 
lage,  and  other  parts  are  adequately  sealed.  A  coat  of  paint  or  lacquer  will  seal  the 
seams  and  provide  better  results.  Suspend  the  airplane  in  a  cardboard  box  that  has 
its  top  and  bottom  cut  out.  Cut  a  small  portion  out  of  the  side  and  fit  a  sheet  of  clear 
acrylic  plastic  as  a  window.  Fill  the  box  with  smoke  and  use  a  motor  or  galvanome¬ 
ter  to  scan  a  laser  beam  over  the  wing  surface  of  the  aircraft  (details  on  these  tech¬ 
niques  are  covered  in  Chapter  20,  “Advanced  Laser  Light  Shows”). 

Direct  a  fan  into  the  box  and  watch  the  effect  of  the  smoke  as  it  streams  past  the 
airplane.  Point  the  laser  at  different  parts  of  the  airframe  to  study  the  aerodynamics  at 
specific  points.  With  enough  smoke,  you  should  clearly  see  the  effects  of  the  wings,  the 
turbulence  behind  the  airplane,  drag  on  structural  elements,  and  more.  Load  your  cam¬ 
era  with  a  fast  black-and-white  film  and  photograph  the  results  for  later  analysis. 

Cryogenic  cooling  of  semiconductor  lasers 

All  semiconductor  lasers  become  super  efficient  at  low  temperatures.  The  first  diode 
lasers  could  only  be  operated  at  the  sub-freezing  temperature  of  liquid  nitrogen  (mi¬ 
nus  197°  C).  Only  by  the  mid  1970s  had  they  perfected  the  room-temperature  laser 
diode.  By  dipping  a  low-power  (1  to  5  mW)  double-heterostructure  CW  laser  in  a 
glass  filled  with  liquid  nitrogen,  you  can  increase  its  operating  efficiency  by  several 
hundred  percent. 

Try  this  experiment.  Connect  a  laser  diode  as  shown  in  Fig.  22-5,  and  dip  it  into 
a  glass  Pyrex  measuring  cup.  Connect  a  meter  to  the  monitor  photodiode  to  register 
light  output.  Notice  the  reading  from  the  photodiode  on  the  meter.  Now  slowly  fill 
the  cup  with  liquid  nitrogen.  The  liquid  will  bubble  violently  as  it  boils.  Watch  the 
reading  on  the  meter  jump  as  the  diode  is  cooled.  In  my  experiments,  the  reading  on 
the  meter  was  some  300  times  higher  at  cryogenic  temperatures  than  it  was  at  regu¬ 
lar  room  temperature. 

This  extra  light  can  be  readily  seen  not  only  because  of  the  higher  output  of  the 
laser,  but  because  the  laser  operates  at  a  lower  wavelength  when  cooled.  Instead  of  op¬ 
erating  at  the  threshold  of  visible  light  (about  780  nm),  the  liquid  nitrogen  brought  the 
operating  wavelength  down  to  about  730  nm,  in  the  far  red  region  of  visible  light.  Use  a 
lab-grade  spectroscope  to  measure  the  exact  wavelength  of  the  emitted  light. 

Liquid  nitrogen  tips  and  techniques: 

•  You  can  buy  liquid  nitrogen  at  welding,  hospital,  and  medical  supply  outlets. 
Price  is  typically  between  $2  and  $3  per  liter. 

•  Use  a  stainless  steel  or  glass  Thermos  bottle  to  hold  the  liquid  nitrogen 
(some  outlets  won’t  fill  these  canisters  because  of  breakage  and  waste; 
check  first).  Drill  a  hole  in  the  top  of  the  Thermos  to  allow  the  nitrogen 
vapor  to  escape.  Without  the  hole,  the  Thermos  will  explode. 

•  The  liquid  nitrogen  will  last  about  a  day  in  a  Thermos.  If  you  want  to  keep  it 
longer,  use  a  Dewar’s  flask  or  other  approved  container  designed  for 
handling  refrigerated  liquid  gas. 
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•  Wear  safety  goggles  and  waterproof  welder’s  gloves  when  handling  liquid 
nitrogen.  Never  allow  the  liquid  to  touch  your  skin  or  you  could  get  serious 
frostbite  burns. 

•  If  the  liquid  touches  clothing,  immediately  grasp  the  material  at  a  dry  spot 
and  pull  it  away  from  your  body. 

•  While  experimenting,  fill  liquid  nitrogen  only  in  Pyrex  glass  or  metal 
containers.  Avoid  plastic  and  regular  glass  containers  because  they  can 
shatter  on  contact  with  the  extremely  cold  temperatures. 


+6VdC 


is  submerged  in  liquid  nitrogen 
and  cooled  to  cryogenic  temperature! 


Use  A1Q.  to  56£2  resistor  (60-80  mA 
forward  current)  to  test  output  when 
laser  is  at  room  temperature. 

22-5  Use  this  setup  to  test  the  power  output  of  a  diode  laser  in  and  out  of  a  bath  of  liquid  ni¬ 
trogen.  The  laser  can  be  placed  directly  in  the  liquid  without  fear  of  short  circuits;  liquid  ni¬ 
trogen  is  not  electrically  conductive. 

Additional  projects 

There  are  numerous  additional  applications  of  lasers.  These  include  using  lasers  in 
surveying  as  a  means  to  calculate  distances,  as  well  as  provide  straight  lines  for  grad¬ 
ing,  leveling,  and  pipe  laying.  For  example,  you  can  use  an  unexpanded  beam  to  help 
you  dig  a  straight  trench  in  your  backyard  for  a  water  pipe.  A  laser  beam  can  also  be 
used  to  test  for  flatness  of  a  foundation  or  flooring.  Place  the  laser  on  the  ground  and 
either  move  it  manually  or  scan  the  beam  using  one  of  the  techniques  detailed  in 
Chapters  19  and  20. 

Very  small  movements  in  an  object  can  be  detected  by  attaching  a  mirror  to  the 
object  and  shining  a  laser  on  the  mirror.  Position  a  card  or  screen  some  distance  from 
the  object,  as  shown  in  Fig.  22-6,  and  watch  the  beam  scan  back  and  forth  as  the  ob¬ 
ject  is  moved. 
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Measure  distance  of 


Laser 


Rotating  lever 


22-6  The  basic  arrangement  for  using  a  laser  as  a  remote 
lever. 


This  chapter  has  covered  only  a  handful  of  useful  applications  for  lasers;  there 
are  many,  many  more.  Give  it  some  thought,  and  you  can  probably  come  up  with 
dozens  of  intriguing  ways  to  put  lasers  to  use.  A  good  source  for  ideas  is  Metrologic's 
101  Ways  to  Use  a  Laser ,  a  short  mini-book  that  is  bound  into  their  catalog.  In  15 
pages,  you  are  provided  quick  glimpses  of  ways  to  put  lasers  to  work  and  how  you 
can  apply  laser  light  to  solve  even  the  most  demanding  problems. 
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CHAPTER 

Tools  and  supplies 
for  laser  experimentation 

Take  a  long  look  at  the  tools  in  your  garage  or  workshop.  You  probably  have  all  the 
implements  necessary  to  build  your  own  laser  systems.  Unless  your  designs  require 
a  great  deal  of  precision  (and  most  don’t),  a  common  assortment  of  hand  tools  are  all 
that’s  really  required  to  construct  all  sorts  of  laser  projects. 

Most  of  the  hardware,  parts,  and  supplies  are  things  you  probably  already  have 
that  are  left  over  from  old  projects  from  around  the  house.  The  pieces  you  don’t  have 
can  be  readily  purchased  at  a  hardware  store  and  a  few  specially  stores  around  town 
or  through  the  mail. 

This  chapter  discusses  the  basic  tools  and  supplies  needed  for  constructing 
hobby  laser  systems  and  how  you  might  use  them.  You  should  consider  this  chapter 
a  guide  only;  suggestions  for  tools  and  supplies  are  just  that — suggestions.  By  no 
means  should  you  feel  that  you  must  own  each  tool  mentioned  in  this  chapter  or 
have  on  hand  all  the  parts  and  supplies. 

Some  supplies  and  parts  might  not  be  readily  available  to  you,  and  it’s  up  to  you 
to  consider  alternatives  and  how  to  work  these  alternatives  into  the  design.  Ulti¬ 
mately,  it  will  be  your  task  to  take  a  trip  to  the  hardware  store,  collect  various  mis¬ 
cellaneous  items,  and  go  home  to  hammer  out  a  unique  creation  that’s  all  your  own. 


Construction  tools 

Construction  tools  are  the  things  you  use  to  fashion  the  frame  and  other  mechanical 
parts  of  the  laser  system.  These  include  hammers,  screwdrivers,  saws,  and  so  forth. 
Tools  for  the  assembly  of  the  electronic  subsystems  are  covered  later  on. 
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Basic  tools 

No  workshop  is  complete  without  the  following: 

•  Claw  hammer,  used  for  just  about  anything  you  can  think  of. 

•  Rubber  mallet,  for  gently  bashing  pieces  together  that  resist  going  together; 
also  for  forming  sheet  metal. 

•  Screwdriver  assortment,  including  various  sizes  of  flat-head  and  Philips-head 
screwdrivers.  A  few  long-blade  screwdrivers  are  handy  to  have,  as  well  as  a 
ratchet  driver.  Get  a  screwdriver  magnetizer/demagnetizer  to  magnetize  the 
blade  so  it  attracts  and  holds  screws  for  easier  assembly. 

•  Hacksaw,  to  cut  anything.  The  hacksaw  is  the  staple  of  the  laser  hobbyist. 

Get  an  assortment  of  blades.  Coarse-tooth  blades  are  good  for  wood  and  PVC 
pipe  plastic;  fine-tooth  blades  are  good  for  copper,  aluminum,  and  light- 
gauge  steel. 

•  Miter  box,  to  cut  straight  lines.  Buy  a  good  miter  box  and  attach  it  to  your 
work  table  (avoid  wood  miter  boxes;  they  don’t  last).  You’ll  also  use  the  box 
to  cut  stock  at  near-perfect  45°  angles,  helpful  when  building  optical 
benches. 

•  Wrenches,  all  types.  Adjustable  wrenches  are  helpful  additions  to  the  shop, 
but  careless  use  can  strip  nuts.  The  same  goes  for  long-nosed  pliers,  useful 
for  getting  at  hard-to-reach  places.  A  pair  or  two  of  vise-grips  (indispensable 
in  my  workshop)  help  you  hold  pieces  for  cutting  and  sanding.  A  set  of  nut 
drivers  make  it  easy  to  attach  nuts  to  bolts. 

•  Measuring  tape.  A  six-  or  eight-foot  steel  measuring  tape  is  a  good  choice. 
Also  get  a  cloth  tape  at  a  fabric  store  for  measuring  flexible  things. 

•  Square,  for  making  sure  that  pieces  you  cut  and  assemble  from  wood, 
plastic,  and  metal  are  square. 

•  File  assortment,  to  smooth  the  rough  edges  of  cut  wood,  metal,  and  plastic 
(particularly  important  when  working  with  metal  for  safety). 

•  Drill  motor.  Get  one  that  has  a  variable  speed  control  (reversing  is  nice,  but 
not  absolutely  necessary).  If  the  drill  you  have  isn’t  variable  speed,  buy  a 
variable-speed  control  for  it.  You  need  to  slow  the  drill  when  working  with 
metal  and  plastic.  A  fast  drill  motor  is  good  for  wood  only.  The  size  of  the 
chuck  is  not  important,  because  most  of  the  drill  bits  you’ll  be  using  will  fit  a 
standard  /"  chuck. 

•  Drill  bit  assortment.  Good,  sharp  ones  only.  If  yours  are  dull,  have  them 
sharpened  (or  do  it  yourself  with  a  drill-bit  sharpening  device) ,  or  buy  a  new 
set.  Never  use  dull  drill  bits  or  your  laser  systems  won’t  turn  out. 

•  Vise,  for  holding  parts  where  you  work.  A  large  vise  isn’t  required,  but  you 
should  get  one  that’s  big  enough  to  handle  the  size  of  pieces  you’ll  be 
working  with. 

•  Clear  safety  goggles.  Wear  them  when  hammering,  cutting,  drilling,  and  any 
other  time  flying  debris  could  get  in  your  eyes. 

If  you  plan  on  building  your  laser  systems  from  wood,  you  might  want  to  con¬ 
sider  adding  rasps,  wood  files,  coping  saws,  and  other  woodworking  tools  to  your 
toolbox.  Working  with  plastic  requires  a  few  extras  as  well,  including  a  burnishing 
wheel  to  smooth  the  edges  of  the  cut  plastic  (a  flame  from  a  cigarette  lighter  also 
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works,  but  is  harder  to  control),  a  strip-heater  for  bending,  and  special  plastic  drill 
bits.  These  bits  have  a  modified  tip  that  isn’t  as  likely  to  rip  through  the  plastic  ma¬ 
terial.  Bits  for  glass  can  be  used  as  well.  Small  plastic  parts  can  be  cut  and  scored  us¬ 
ing  a  sharp  razor  knife  or  razor  saw,  available  at  hobby  stores. 

Optional  tools 

There  are  a  number  of  tools  you  can  use  to  make  your  time  in  the  laser  shop  more 
productive  and  less  time-consuming.  A  drill  press  helps  you  drill  better  holes  be¬ 
cause  you  have  more  control  over  the  angle  and  depth  of  each  hole.  Use  a  drill  press 
vise  to  hold  the  pieces;  never  use  your  hands. 

A  table  saw  or  circular  saw  makes  cutting  through  large  pieces  of  wood  and 
plastic  easier.  Use  a  guidefence,  or  fashion  one  out  of  wood  and  clamps,  to  ensure  a 
straight  cut.  Be  sure  to  use  a  fine-tooth  saw  blade  if  cutting  through  plastic.  Using  a 
saw  designed  for  general  wood-cutting  will  cause  the  plastic  to  shatter. 

A  motorized  hobby  tool  is  much  like  a  hand-held  router.  The  bit  spins  very  fast 
(25,000  rpm  and  up),  and  you  can  attach  a  variety  of  wood-,  plastic-,  and  metal¬ 
working  bits  to  it.  The  better  hobby  tools,  such  as  those  made  by  Dremel  and  Weller, 
have  adjustable  speed  controls.  Use  the  right  bit  for  the  job.  For  example,  don’t  use 
a  wood  rasp  bit  with  metal  or  plastic  because  the  flutes  of  the  rasp  will  too  easily  fill 
with  metal  and  plastic  debris. 

A  nibbling  tool  is  a  fairly  inexpensive  accessory  (under  $20)  that  lets  you  “nib¬ 
ble”  small  chunks  from  metal  and  plastic  pieces.  The  maximum  thickness  depends 
on  the  bite  of  the  tool,  but  it’s  generally  about  Me  or  Use  the  tool  to  cut  channels, 
enlarge  holes,  and  so  forth.  A  tap  and  die  set  lets  you  thread  holes  and  shafts  to  ac¬ 
cept  standard  size  nuts  and  bolts.  Buy  a  good  set.  A  cheap  assortment  of  taps  and 
dies  is  more  trouble  than  it’s  worth. 

A  thread-size  gauge  made  of  stainless  steel  might  be  expensive  ($10  to  $12), 
but  it  helps  you  determine  the  size  of  any  standard  SAE  or  metric  bolt.  It’s  a  great  ac¬ 
cessory  for  tapping  and  dieing.  Most  gauges  can  be  used  when  chopping  threads  off 
bolts  with  a  hacksaw,  providing  a  cleaner  cut. 

A  brazing  tool  or  small  yjelder  lets  you  spot-weld  two  metal  pieces  together. 
These  tools  are  designed  for  small  pieces  only;  they  don’t  provide  enough  heat  to  ad¬ 
equately  weld  pieces  larger  than  a  few  inches  in  size.  Be  sure  that  extra  fuel  and/or 
oxygen  cylinders  or  pellets  are  readily  available  for  the  brazer  or  welder  you  buy. 
There’s  nothing  worse  than  spending  $30  to  $40  for  a  home  welding  set,  only  to  dis¬ 
cover  that  supplies  are  not  available  for  it.  Be  sure  to  read  the  instructions  that  ac¬ 
company  the  welder  and  observe  all  precautions. 

A  caliper  and  micrometer  let  you  measure  small  things,  such  as  lenses  and 
other  optical  components.  The  projects  in  this  book  don’t  call  for  an  extremely  ac¬ 
curate  caliper  or  micrometer,  but  if  you’re  serious  about  laser  work,  you’ll  want  the 
best  laboratory-grade  instruments  you  can  afford.  At  the  very  least,  the  caliper 
should  be  accurate  to  W  and  the  micrometer  to  0.001". 

Electronic  tools 

Constructing  electronic  circuit  boards  or  wiring  the  power  system  of  your  laser  re¬ 
quires  only  a  few  standard  electronic  tools.  A  soldering  iron  leads  the  list.  For  max- 
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imum  flexibility,  invest  in  a  modular  soldering  pencil  with  a  25-  to  30-watt  heating  el¬ 
ement.  Anything  higher  could  damage  electronic  components.  (If  necessary,  a  40-  or 
50-watt  element  can  be  used  for  wiring  switches,  relays,  and  power  transistors.)  Stay 
away  from  “instant-on”  soldering  irons.  Supplement  your  soldering  iron  with  these 
accessories: 

•  Soldering  stand,  for  keeping  the  soldering  pencil  in  a  safe,  upright  position. 

•  Soldering  tip  assortment.  Get  one  or  two  small  tips  for  intricate  PC  board 
work  and  a  few  larger  sizes  for  routine  soldering  chores. 

•  Solder.  Resin-  or  flux-core  only.  Acid  core  and  silver  solder  should  never  be 
used  on  electronic  components. 

•  Sponge,  for  cleaning  the  soldering  tip  during  use.  Keep  the  sponge  damp  and 
wipe  the  tip  clean  after  every  few  joints. 

•  Heatsink,  for  attaching  to  sensitive  electronic  components  during  soldering. 
The  heatsink  draws  the  excess  heat  away  from  the  component  to  help 
prevent  damage  to  it. 

•  Desoldering  vacuum  tool,  to  soak  up  molten  solder.  Used  to  get  rid  of  excess 
solder,  to  remove  components,  or  redo  a  wiring  job. 

•  Soldering  or  “dental”  picks,  for  scraping,  cutting,  forming,  and  gouging  into 
the  work. 

•  Resin  cleaner.  Apply  the  cleaner  after  soldering  is  complete  to  remove 
excess  resin. 

•  Solder  vise  or  “third  hand.”  The  vise  holds  together  pieces  to  be  soldered, 
leaving  you  free  to  work  the  iron  and  feed  the  solder. 

Volt-ohmmeter 

A  volt-ohmmeter  is  used  to  test  voltage  levels  and  the  impedance  of  circuits.  This 
moderately  priced  electronic  tool  is  the  basic  requirement  for  working  with  elec¬ 
tronic  circuits  of  any  kind.  If  you  don’t  already  own  a  volt-ohmmeter,  seriously  con¬ 
sider  buying  one.  The  cost  is  minimal  considering  the  usefulness  of  the  device. 

Many  volt-ohmmeters  (or  VOMs)  are  on  the  market  today.  For  work  on  lasers, 
you  don’t  want  a  cheap  model,  but  you  don’t  need  an  expensive  one.  A  meter  of  in¬ 
termediate  quality  is  sufficient  and  does  the  job  admirably.  The  price  for  such  a  me¬ 
ter  is  between  $30  and  $75.  Meters  are  available  at  Radio  Shack  and  most  electronics 
outlets.  Shop  around  and  compare  features  and  prices. 

Digital  or  analog 

Two  general  types  of  VOMs  available  today:  digital  and  analog.  The  difference  is  not 
that  one  meter  is  used  on  digital  circuits  and  the  other  on  analog  circuits.  Rather, 
digital  meters  use  a  numeric  display  not  unlike  a  digital  clock  or  watch,  and  analog 
VOMs  use  the  older  fashioned — but  stiff  useful — mechanical  movement  with  a  nee¬ 
dle  that  points  to  a  set  of  graduated  scales. 

Digital  VOMs  used  to  cost  a  great  deal  more  than  the  analog  variety,  but  the 
price  difference  has  evened  out  recently.  Digital  VOMs,  such  as  the  one  shown  in  Fig. 
23-1,  are  fast  becoming  the  standard;  in  fact,  it’s  becoming  difficult  to  find  a  decent 
analog  meter  anymore. 
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23-1  A  typical  digital  volt-ohm  meter. 


Analog  VOMs  are  traditionally  harder  to  use  because  you  must  select  the  type  and 
range  of  voltage  you  are  testing,  find  the  proper  scale  on  the  meter  face,  then  estimate 
the  voltage  as  the  needle  swings  into  action.  Digital  VOMs,  on  the  other  hand,  display 
the  voltage  in  clear  numerals  and  with  a  greater  precision  than  most  analog  meters. 

Automatic  ranging 

As  with  analog  meters,  some  digital  meters  require  you  to  select  the  range  before  it 
can  make  an  accurate  measurement.  For  example,  if  you  are  measuring  the  voltage 
of  a  9-volt  transistor  battery,  set  the  range  to  the  setting  closest  to,  but  above,  9  volts 
(with  most  meters  it  is  the  20-  or  50-volt  range).  Auto-ranging  meters  don’t  require 
you  to  do  this,  so  they  are  inherently  easier  to  use.  When  you  want  to  measure  volt¬ 
age,  you  set  the  meter  to  volts  (either  ac  or  dc)  and  take  the  measurement.  The  me¬ 
ter  displays  the  results  in  the  readout  panel. 

Accuracy 

Little  of  the  work  you’ll  do  with  laser  circuits  requires  a  meter  that  ’s  super  accurate.  A 
VOM  with  average  accuracy  is  more  than  enough.  The  accuracy  of  a  meter  is  the  min- 
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imum  amount  of  error  that  can  occur  when  taking  a  specific  measurement.  For  exam¬ 
ple,  the  meter  might  be  accurate  to  2000  volts,  ±0.8% .  A  0.8%  error  at  the  kinds  of  volt¬ 
ages  used  in  most  laser  experiments — typically  5  to  12  Vdc — is  only  0.096  volts 

Digital  meters  have  another  kind  of  accuracy.  The  number  of  digits  in  the  display 
determines  the  maximum  resolution  of  the  measurements.  Most  digital  meters  have 
3.5  digits,  so  it  can  display  a  value  as  small  as  0.001  (the  half  digit  is  a  “1”  on  the  left 
side  of  the  display).  Anything  less  than  that  is  not  accurately  represented. 

Functions 

Digital  VOMs  vary  greatly  in  the  number  and  type  of  functions  that  they  provide.  At 
the  very  least,  all  standard  VOMs  let  you  measure  ac  volts,  dc  volts,  milliamps,  and 
ohms.  Some  also  test  capacitance  and  opens  or  shorts  in  discrete  components,  such 
as  diodes  and  transistors.  These  additional  functions  are  not  absolutely  necessary  for 
building  general-purpose  laser  circuits,  but  they  are  handy  to  have  when  trou¬ 
bleshooting  a  circuit  that  refuses  to  work. 

The  maximum  ratings  of  the  meter  when  measuring  volts,  milliamps,  and  resis¬ 
tance  also  varies.  For  most  applications,  the  following  maximum  ratings  are  more 
than  adequate: 

Dc  volts  1000  volts 

Ac  volts  500  volts 

Dc  current  200  mA 

Resistance  2  MQ 

One  exception  to  this  is  when  testing  current  draw  for  motors  and  other  high-de- 
mand  circuits.  All  but  the  smallest  dc  motors  draw  an  excess  of  200  mA,  and  an  en¬ 
tire  laser  system  for  a  light  show  is  likely  to  draw  2  or  more  amps.  Obviously,  this  is 
far  out  of  range  of  most  digital  meters.  You  might  need  to  get  a  good  assessment  of 
current  draw — especially  if  your  laser  projects  are  powered  by  batteries,  but  to  do 
so,  you’ll  need  either  a  meter  with  a  higher  dc  current  rating  (digital  or  analog)  or  a 
special-purpose  ac/dc  current  meter.  You  can  also  use  a  resistor  in  series  with  the 
motor  and  apply  Ohm's  Law  to  calculate  the  current  draw. 


Meter  supplies 

Meters  come  with  a  pair  of  test  leads — one  black  and  one  red — each  equipped  with 
a  needle-like  metal  probe.  The  quality  of  the  test  leads  is  usually  minimal,  so  you 
might  want  to  purchase  a  better  set.  The  coded  kind  is  handy.  They  stretch  out  to 
several  feet,  yet  recoil  to  a  manageable  length  when  not  in  use. 

Standard  leads  are  fine  for  most  routine  testing,  but  some  measurements  re¬ 
quire  the  use  of  a  clip  lead.  These  attach  to  the  end  of  the  regular  test  leads  and  have 
a  spring-loaded  clip  on  the  end.  You  can  clip  the  lead  in  place  so  that  your  hands  are 
free  to  do  other  things.  The  clips  are  insulated  to  prevent  short  circuits. 


Meter  safety  and  use 

Most  applications  of  the  meter  involve  testing  low  voltages  and  resistance,  both  of 
which  are  relatively  harmless  to  humans.  Sometimes,  however,  you  right  need  to  test 
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high  voltages — such  as  the  input  to  a  power  supply — and  careless  use  of  the  meter 
can  cause  serious  bodily  harm.  Even  when  you’re  not  actively  testing  a  high-voltage 
circuit,  dangerous  currents  might  still  be  exposed. 

The  proper  procedure  for  meter  use  involves  setting  the  meter  beside  the  unit 
under  test,  being  sure  that  it  is  close  enough  that  the  leads  reach  the  circuit.  Plug  in 
the  leads  and  test  the  meter  operation  by  first  selecting  the  resistance  function  set¬ 
ting  (use  the  smallest  scale  if  the  meter  is  not  auto-ranging).  Touch  the  leads  to¬ 
gether:  the  meter  should  read  0  Q. 

If  the  meter  does  not  respond,  check  the  leads  and  internal  battery  and  try 
again.  If  the  display  does  not  read  0  Q,  double-check  the  range  and  function  settings 
and  adjust  the  meter  to  read  0  £2  (not  all  digital  meters  have  a  0  adjust,  but  most  ana¬ 
log  meters  do) . 

Once  the  meter  has  checked  out,  select  the  desired  function  and  range  and  ap¬ 
ply  the  leads  to  the  circuit  under  test.  Usually,  the  black  lead  is  connected  to  ground, 
and  the  red  lead  is  connected  to  the  various  test  points  in  the  circuit. 

When  testing  high-voltage  circuits,  make  it  a  habit  to  place  one  hand  in  your 
pants  pocket.  With  one  hand  out  of  the  way,  you  are  less  likely  to  accidentally  touch 
a  live  circuit. 

Logic  probe 

Meters  are  typically  used  for  measuring  analog  signals.  Logic  probes  test  for  the 
presence  or  absence  of  low-voltage  dc  signals  that  represent  digital  data.  The  Os  and 
Is  are  usually  electrically  defined  as  0  and  5  volts,  respectively,  with  TTL  ICs.  In 
practice,  the  actual  voltages  of  the  0  and  1  bits  depend  entirely  on  the  circuit.  You 
can  use  a  meter  to  test  a  logic  circuit,  but  the  results  aren’t  always  predictable.  Fur¬ 
ther,  many  logic  circuits  change  states  (pulse)  quickly  and  meters  cannot  track  the 
voltage  switches  fast  enough. 

Logic  probes,  such  as  the  model  in  Fig.  23-2,  are  designed  to  give  a  visual  and 
(usually)  aural  signal  of  the  logic  state  of  a  particular  circuit  line.  One  LED  on  the 
probe  lights  up  if  the  logic  is  0  (or  LOW),  another  LED  lights  up  if  the  logic  is  1  (or 
HIGH) .  Most  probes  have  a  built-in  buzzer  that  has  a  different  tone  for  the  two  logic 
levels.  That  way,  you  don’t  need  to  keep  glancing  at  the  probe  to  see  the  logic  level. 

A  third  LED  or  tone  can  indicate  a  pulsing  signal.  A  good  logic  probe  can  detect 
that  a  circuit  line  is  pulsing  at  speeds  of  up  to  10  MHz,  which  is  more  than  fast 
enough  for  laser  applications — even  when  using  computer  control.  The  minimum 
detectable  pulse  width  (the  time  the  pulse  remains  at  one  level)  is  50  nanoseconds, 
again  more  than  sufficient. 

Although  logic  probes  might  sound  complex,  they  are  really  simple  devices  and 
their  cost  reflects  this.  You  can  buy  a  reasonably  good  logic  probe  for  under  $20. 
Most  probes  are  not  battery  operated;  rather,  they  obtain  operating  voltage  from  the 
circuit  under  test.  You  can  also  make  a  logic  probe  if  you  wish.  A  number  of  project 
books  provide  plans. 

Using  a  logic  probe 

The  same  safety  precautions  apply  when  using  a  logic  probe  as  they  do  when  using 
a  meter.  Be  wary  when  working  close  to  high  voltages.  Cover  them  to  prevent  acci- 
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23-2  A  logic  probe. 

dental  shock  (for  obvious  reasons,  logic  probes  are  not  meant  for  anything  but  digi¬ 
tal  circuits,  so  never  apply  the  leads  of  the  probe  to  an  ac  line).  Logic  probes  cannot 
operate  with  voltages  exceeding  about  15  Vdc,  so  if  you  are  unsure  of  the  voltage 
level  of  a  particular  circuit,  test  it  with  a  meter  first. 

Successful  use  of  the  logic  probe  really  requires  you  to  have  a  circuit  schematic 
to  refer  to.  Keep  it  handy  when  troubleshooting  your  projects.  It’s  nearly  impossible 
to  blindly  use  the  logic  probe  on  a  circuit  without  knowing  what  you  are  testing.  And 
because  the  probe  receives  its  power  from  the  circuit  under  test,  you  need  to  know 
where  to  pick  off  suitable  power.  To  use  the  probe,  connect  the  probe’s  power  leads 
to  a  voltage  source  on  the  board,  clip  the  black  ground  wire  to  circuit  ground,  and 
touch  the  tip  of  the  probe  against  a  pin  of  an  integrated  circuit  or  the  lead  of  some 
other  component.  For  more  information  on  using  your  probe,  consult  the  manufac¬ 
turer’s  instruction  sheet. 

Logic  pulser 

A  handy  troubleshooting  accessory  when  working  with  digital  circuits  is  the  logic 
pulser.  This  device  puts  out  a  timed  pulse,  letting  you  see  the  effect  of  the  pulse  on 
a  digital  circuit.  Normally,  you’d  use  the  pulser  with  a  logic  probe  or  an  oscilloscope. 
The  pulser  is  switchable  between  one  pulse  and  continuously  pulsing.  You  can  make 
your  own  pulser  out  of  a  555  timer  IC.  Figure  23-3  shows  a  schematic  you  can  use  to 
build  your  own  555-based  pulser;  Table  23-1  provides  a  parts  list. 
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23-3  Schematic  diagram  for  making  your  own  logic  pulser.  With  the  components  shown,  output 
frequency  is  approximately  2.5  Hz  to  33  Hz. 


Table  23-1. 

Logic  pulser  parts  list 


IC1  LM555  timer  IC 

R1  250-kL2  potentiometer 

R2  10-kQ  resistor 

Cl  2.2-pF  electrolytic  capacitor 

C2  0. 1-jliF  disc  capacitor 


Most  pulsers  obtain  their  power  from  the  circuit  under  test.  It’s  important  that 
you  remember  this.  With  digital  circuits,  it’s  generally  a  bad  idea  to  present  to  a  de¬ 
vice  an  input  signal  that  is  greater  than  the  supply  voltage  for  the  device.  In  other 
words,  if  a  chip  is  powered  by  5  volts,  and  you  give  it  a  12-volt  pulse,  you’ll  probably 
ruin  the  chip.  Some  circuits  work  with  split  (+,  -,  and  ground)  power  supplies  (es¬ 
pecially  circuits  with  op  amps  and  digital-to-analog  converters).  Be  sure  to  connect 
the  leads  of  the  pulser  to  the  correct  power  points. 

Also  be  sure  that  you  do  not  pulse  a  line  that  has  an  output,  but  no  input.  Some 
integrated  circuits  are  sensitive  to  unloaded  pulses  at  their  output  stages,  and  im¬ 
proper  application  of  the  pulse  can  destroy  the  chip. 

Oscilloscope 

An  oscilloscope  is  a  pricey  tool — good  ones  start  at  about  $500 — and  only  a  small 
number  of  electronic  and  laser  hobbyists  own  one.  For  really  serious  work,  however, 
an  oscilloscope  is  an  invaluable  tool — one  that  will  save  you  hours  of  time  and  frus¬ 
tration. 
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Things  you  can  do  with  a  scope  include  some  of  the  things  you  can  do  with  other 
test  equipment,  but  oscilloscopes  do  it  all  in  one  box  and  generally  with  greater  pre¬ 
cision.  Among  the  many  applications  of  an  oscilloscope,  you  can: 

•  Test  dc  or  ac  voltage  levels. 

•  Analyze  the  waveforms  of  digital  and  analog  circuits. 

•  Determine  the  operating  frequency  of  digital,  analog,  and  RF  circuits. 

•  Test  logic  levels. 

•  Visually  check  the  timing  of  a  circuit  to  see  if  things  are  happening  in  the 
correct  order  and  at  the  prescribed  time  intervals. 

The  designs  provided  in  this  book  don’t  absolutely  require  the  use  of  an  oscillo¬ 
scope,  but  you’ll  probably  want  one  if  you  design  your  own  circuits  or  if  you  want  to 
develop  your  electronic  skills.  A  basic,  no-nonsense  model  is  enough,  but  don’t  set¬ 
tle  for  the  cheap,  single-trace  units.  A  dual-trace  (two  channel)  scope  with  a  20-  to 
25-MHz  maximum  input  frequency  should  do  the  job  nicely.  The  two  channels  let 
you  monitor  two  lines  at  once  so  that  you  can  easily  compare  the  input  signal  and 
output  signal  at  the  same  time.  You  do  not  need  a  scope  with  storage  or  delayed 
sweep,  although  if  your  model  has  these  features,  you’re  sure  to  find  a  use  for  them 
sooner  or  later. 

Scopes  are  not  particularly  easy  to  use;  they  have  lots  of  dials  and  controls  that 
set  operation.  Thoroughly  familiarize  yourself  with  the  operation  of  your  oscillo¬ 
scope  before  using  it  for  any  construction  project  or  for  troubleshooting.  Knowing 
how  to  set  the  time-per-division  knob  is  as  important  as  knowing  how  to  turn  the 
scope  on.  As  usual,  be  cautious  when  using  the  scope  with  or  near  high  voltages. 

Last,  don’t  rely  on  just  the  instruction  manual  that  came  with  the  set  to  learn 
how  to  use  your  new  oscilloscope.  Buy  (and  read!)  a  good  book  on  how  to  effectively 
use  your  scope.  Appendix  B,  “Further  Reading,”  lists  some  books  on  using  oscillo¬ 
scopes. 

Frequency  meter 

A  frequency  meter  (or  frequency  counter)  tests  the  operating  frequency  of  a  cir¬ 
cuit.  Most  models  can  be  used  on  digital,  analog,  and  RF  circuits  for  a  variety  of  test¬ 
ing  chores — from  making  sure  the  crystal  analog-to-digital  circuit  is  working 
properly  to  determining  the  modulation  frequency  of  your  laser-beam  communica¬ 
tion  system.  You  need  only  a  basic  frequency  meter — a  $100  or  so  investment.  Or 
you  can  save  some  money  by  building  a  frequency  meter  kit. 

Frequency  meters  have  an  upward  operating  limit,  but  it’s  generally  well  within 
the  region  applicable  to  laser  experiments.  A  frequency  meter  with  a  maximum  range 
of  up  to  50  MHz  is  enough.  A  couple  of  meters  are  available  with  an  optional  prescaler, 
a  device  that  extends  the  useful  operating  frequency  to  well  over  100  MHz. 

Wire-wrapping  tool 

Making  a  printed-circuit  board  for  a  one-shot  application  is  time-consuming,  though 
it  can  be  done  with  the  proper  kits  and  supplies.  Conventional  point-to-point  solder 
wiring  is  not  an  acceptable  approach  when  constructing  digital  and  high-gain  analog 
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circuits,  which  represent  the  lion’s  share  of  electronics  you’ll  be  building  for  your 
lasers. 

The  preferred  construction  method  is  wire-wrapping.  Wire- wrapping  is  a 
point-to-point  wiring  system  that  uses  a  special  tool  and  extra-fine  #28  or  #30  wrap¬ 
ping  wire.  When  done  properly,  wire-wrapped  circuits  are  as  sturdy  as  soldered  cir¬ 
cuits,  and  you  have  the  added  benefit  of  making  modifications  and  corrections 
without  the  hassle  of  desoldering  and  resoldering. 

A  manual  wire-wrapping  tool  is  shown  in  Fig.  23-4.  Insert  one  end  of  the  stripped 
wire  into  a  slot  in  the  tool,  and  place  the  tool  over  a  square-shaped  wrapping  post. 
Give  the  tool  5  to  10  twirls,  and  the  connection  is  complete.  The  edges  of  the  post 
keep  the  wire  anchored  in  place.  To  remove  the  wire,  use  the  other  end  of  the  tool 
and  undo  the  wrapping. 

Wrapping  wire  comes  in  many  forms,  lengths,  and  colors,  and  you  need  to  use 
special  wire-wrapping  sockets  and  posts.  See  the  later  section  on  electronic  supplies 
and  components  for  more  details. 


23-4  A  wire  wrapping  tool  in  action. 
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Breadboard 

You  should  test  each  of  the  circuits  you  want  to  use  with  your  lasers  (including  the 
ones  in  this  book)  on  a  solderless  breadboard  before  you  commit  it  to  wire-wrap  or 
solder.  Breadboards  consist  of  a  series  of  holes  with  internal  contacts  spaced  ho"  apart, 
which  is  the  most  common  spacing  for  ICs.  You  plug  in  ICs,  resistors,  capacitors,  tran¬ 
sistors,  and  #20  or  #22  wire  in  the  proper  contact  holes  to  create  your  circuit. 

Solderless  breadboards  are  available  in  many  sizes.  For  the  most  flexibility,  get  a 
doublewidth  board,  one  that  can  accommodate  at  least  10  ICs.  Smaller  boards  can  be 
used  for  simple  projects;  circuits  with  a  high  number  of  components  require  bigger 
boards.  While  you’re  buying  a  breadboard,  purchase  a  set  of  precolored  wires.  The 
wires  come  in  a  variety  of  lengths  and  are  already  stripped  and  bent  for  use  in  bread¬ 
boards.  The  set  costs  $5  to  $7,  but  the  price  is  well  worth  the  time  you’ll  save. 

Hardware  supplies 

A  fully  functional  laser  system  of  just  about  any  description  is  about  75%  hardware 
and  25%  electronic  and  electromechanical.  Most  of  your  trips  to  get  parts  for  your 
laser  schemes  will  be  to  the  local  hardware  store.  Here  are  some  common  items 
you’ll  want  to  have  around  your  shop: 

Nuts  and  bolts 

Number  8  and  10  nuts  and  pan-head  stove  bolts  (%C  and  %",  respectively)  are  good 
for  all-around  construction.  Get  a  variety  of  bolts  in  VC,  VC,  1",  VC,  and  1  VC  lengths.  You 
might  also  want  to  get  some  2"  and  3"-long  bolts  for  special  applications. 

Motor  shafts  and  other  heavy-duty  applications  require  VC  20  or  VC  hardware. 
Pan-head  stove  bolts  are  the  best  choice;  you  don’t  need  hex-head  carriage  bolts  un¬ 
less  you  have  a  specific  requirement  for  them.  You  can  use  #6  (%2n)  nuts  and  bolts  for 
small,  lightweight  applications. 

Washers 

While  you’re  at  the  store,  stock  up  on  flat  washers,  fender  washers  (large  washers 
with  small  holes),  tooth  lockwashers  and  split  lockwashers.  Get  an  assortment  for 
the  various  sizes  of  nuts  and  bolts.  Split  lockwashers  are  good  for  heavy-duty  appli¬ 
cations  because  they  provide  more  compression  locking  power.  You  usually  use  them 
with  bolt  sizes  of  VC  and  larger. 

All-thread  rod 

All-thread  is  2'  to  3'  lengths  of  threaded  rod  stock.  It  comes  in  standard  thread  sizes 
and  pitches.  All-thread  is  good  for  shafts  and  linear  motion  actuators.  Get  one  of 
each  in  %C,  and  VC  20  threads  to  start. 

Special  nuts 

Coupling  nuts  are  just  like  regular  nuts,  but  as  if  they  have  been  stretched  out.  They 
are  designed  to  couple  two  bolts  or  pieces  of  all-thread  together,  end  to  end.  In 
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lasers,  you  might  use  them  for  a  variety  of  tasks  including  linear  motion  actuators 
and  positioning  tables. 

Locking  nuts  have  a  piece  of  nylon  built  into  them  that  provides  a  locking  bite 
when  it  is  threaded  onto  a  bolt.  Locking  nuts  are  preferred  over  using  two  nuts  tight¬ 
ened  together. 

Extruded  aluminum 

For  most  of  your  laser  designs,  you  can  take  advantage  of  a  rather  common  hard¬ 
ware  item:  extruded  aluminum  stock.  This  aluminum  is  designed  for  such  things  as 
building  bathtub  enclosures,  picture  frames,  and  other  handyman  applications  and 
it  is  available  in  various  sizes,  thicknesses,  and  configurations.  Length  is  usually  6', 
8',  10',  or  12',  but  if  you  need  less,  most  hardware  stores  will  cut  to  order  (you  save 
when  you  buy  it  in  full  lengths).  The  stock  is  available  in  plain  (dull  silver)  anodized 
aluminum  and  gold  anodized  aluminum.  Get  the  plain  stuff — it’s  10%  to  25% 
cheaper. 

Two  particularly  handy  stocks  are  4%4,,-x-14"-x-K e"  channel  and  5Vm" 
channel  (some  stores  sell  similar  stuff  with  slightly  different  dimensions).  I  use  these 
extensively  to  make  parts  for  optical  benches,  lens  holders,  and  other  laser  system 
parts.  Angle  stock  measuring  l"-x-l"-x-%"  is  another  frequently  used  item,  usually 
used  for  attaching  cross  bars  and  other  structural  components.  No  matter  what  size 
you  eventually  settle  on  for  your  own  designs,  keep  several  feet  of  the  stuff  handy  at 
all  times.  You’ll  use  it  often. 

If  extruded  aluminum  is  not  available,  another  approach  is  to  use  shelving  stan¬ 
dards — the  bar-like  channel  stock  used  for  wall  shelving.  It’s  most  often  available  in 
steel,  but  some  hardware  stores  carry  it  in  aluminum  (sliver,  gold,  and  black  an¬ 
odized). 

The  biggest  problem  with  using  shelving  standards  is  that  the  slots  can  cause 
problems  when  drilling  holes  for  hardware.  The  drill  bits  can  slip  into  the  slots,  caus¬ 
ing  the  hole  to  be  off-center.  Some  standards  have  an  extra  lip  on  the  inside  of  the 
channel  that  can  interfere  with  some  of  the  hardware  you  use  to  join  the  pieces  to¬ 
gether. 

Angle  brackets 

You  need  a  good  assortment  of  %"  and  /"  galvanized  iron  brackets  to  join  the  ex¬ 
truded  stock  or  shelving  standards  together.  Use  VA"-x-%"  flat  corner  irons  when 
joining  pieces  cut  at  45°  angles  to  make  a  frame.  The  l"-x-%"  and  1 corner  an¬ 
gle  irons  are  helpful  when  attaching  the  stock  to  baseplates  and  when  securing  vari¬ 
ous  components. 

Electronic  supplies  and  components 

Most  of  the  electronic  projects  in  this  book  and  other  books  with  digital  and  analog 
circuits  depend  on  a  regular  stable  of  common  electronic  components.  If  you  do  any 
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amount  of  electronic  circuit  building,  you’ll  want  to  stock  up  on  the  following  stan¬ 
dard  components.  Keeping  spares  handy  prevents  you  from  making  repeat  trips  to 
the  electronics  store. 

Resistors 

Get  a  good  assortment  of  Va-  or  14-watt  resistors.  Make  sure  the  assortment  includes 
a  variety  of  common  values  and  that  there  are  several  of  each  value.  Supplement  the 
assortment  with  individual  purchases  of  the  following  resistor  values:  270  £2,  330  £2, 
1  kQ,  3.3  k£2,  10  k£2,  and  100  k£X 

The  270-  and  330-£2  values  are  often  used  with  LEDs  and  the  remaining  values 
are  common  to  TTL  and  CMOS  digital  circuits. 

Variable  resistors 

Variable  resistors,  or  potentiometers  (pots),  are  relatively  cheap  and  are  a  boon 
when  designing  and  troubleshooting  circuits.  Buy  an  assortment  of  the  small  PC- 
mount  pots  (about  80  cents  each  retail)  in  the  2.5-k£2,  5-k£2,  10-kQ,  50-k£2,  100-k£2, 
25-kQ,  and  1-MO  values.  You’ll  find  1-MO  pots  often  used  in  op-amp  circuits,  so  buy 
a  couple  extra  of  these.  I  also  like  to  have  several  extra  10-kO  and  100-kO  pots 
around  because  these  find  heavy  use  in  most  all  types  of  circuits. 

Capacitors 

Like  resistors,  you’ll  find  yourself  returning  to  the  same  standard  capacitor  values 
project  after  project.  For  a  well-stocked  shop,  get  a  dozen  or  so  each  of  the  following 
inexpensive  ceramic  disc  capacitors:  0.1,  0.01,  and  0.001  jaF.  The  0.1  and  0.01-pF 
caps  are  used  extensively  as  bypass  components  and  are  absolutely  essential  when 
building  circuits  with  TTL  ICs.  You  can  never  have  enough  of  these. 

Many  circuits  use  the  in-between  values  of  0.47,  0.047,  and  0.022  pF,  so  you 
might  want  to  get  a  couple  of  these,  too.  Power  supply,  timing,  and  audio  circuits  of¬ 
ten  use  larger  polarized  electrolytic  or  tantalum  capacitors.  Buy  a  few  each  of  1.0-, 
2.2-,  4.7-,  10-,  and  100-pF  values.  Some  projects  call  for  other  values  (in  the  pico¬ 
farad  range  and  the  1000s  of  the  microfarad  range).  You  can  buy  these  as  needed, 
unless  you  find  yourself  returning  to  standard  values  repeatedly. 

Transistors 

Thousands  of  transistors  are  available,  and  each  one  has  slightly  different  character¬ 
istics  than  the  others.  However,  most  applications  need  nothing  more  than  “generic” 
transistors  for  simple  switching  and  amplifying.  Common  NPN  signal  transistors  are 
the  2N2222  and  the  2N3904.  Both  kinds  are  available  in  bulk  packages  of  10  for 
about  $1.  Common  PNP  signal  transistors  are  the  2N3906  and  the  2N2907.  Price  is 
the  same  or  a  little  higher. 

I  don’t  discriminate  between  the  plastic  and  metal-can  transistors.  For  example, 
technically  speaking,  the  plastic  2N2222  are  called  PN2222  and  the  metal  can  ver¬ 
sion  carries  the  2N2222  designator.  In  any  case,  buy  the  plastic  ones  because  they’re 
cheaper. 
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If  the  circuit  you’re  building  specifies  another  transistor  than  the  generic  kind, 
you  might  still  be  able  to  use  one  of  these  if  you  first  look  up  the  specifications  of  the 
transistor  called  for  in  the  schematic.  A  number  of  cross-reference  guides  provide 
the  specifications  and  replacement-equivalents  for  popular  transistors. 

There  are  common  power  transistors  as  well.  The  NPN  TIP31  and  TIP41  are  fa¬ 
miliar  to  most  anyone  who  has  dealt  with  power  switching  or  amplification  of  up  to  1 
amps  or  so.  The  PNP  counterparts  are  the  TIP32  and  TIP42.  These  transistors  are 
available  in  the  TO-220  style  package. 

A  common  larger-capacity  NPN  transistor  that  can  switch  10  amps  or  more  is 
the  2N3055.  It  comes  in  the  TO-3  package  and  is  available  most  everywhere.  Price  is 
between  50  cents  and  $2,  depending  on  the  source. 

Diodes 

Common  diodes  are  the  1N914  for  light-duty  signal  switching  applications  and  the 
1N4000  series  (1N4001,  1N4002,  and  so  forth).  Get  several  of  each  and  use  the 
proper  size  to  handle  the  current  in  the  circuit.  Refer  to  a  databook  on  the  voltage- 
and  power-handling  capabilities  of  these  diodes. 

LEDs 

All  semiconductors  emit  light  (either  visible  or  infrared) ,  but  light-emitting  diodes 
(LEDs)  are  especially  designed  for  the  task.  LEDs  last  longer  than  regular  filament 
lamps  and  require  less  operating  current.  They  are  available  in  a  variety  of  sizes, 
shapes,  and  colors.  For  general  applications,  the  medium-sized  red  LED  is  perfect. 
Buy  a  few  dozen  and  use  them  as  needed.  Some  of  the  projects  in  this  book  call  for 
infrared  LEDs.  These  emit  no  visible  light  and  are  used  in  conjunction  with  an  in¬ 
frared-sensitive  phototransistor  or  photodiode. 

The  project  in  Chapter  4,  “Experimenting  With  Light  and  Optics,”  uses  a  special 
high-power  visible  red  LED.  Refer  to  that  chapter  for  more  information  on  this  LED 
and  where  to  obtain  it. 

Integrated  circuits 

Integrated  circuits  let  you  construct  fairly  complex  circuits  from  just  a  couple  of 
components.  Although  there  are  literally  thousands  of  different  ICs,  some  with  ex¬ 
otic  applications,  a  small  handful  crops  again  and  again  in  hobby  projects.  You  should 
keep  the  following  ICs  in  ready  stock: 

•  555  timer  This  is  by  far  the  most  popular  integrated  circuit  for  hobby 
electronics.  With  just  a  couple  of  resistors  and  capacitors,  the  NE555  can  be 
made  to  act  as  a  pulser,  a  timer,  a  time  delay,  a  missing  pulse  detector,  and 
dozens  of  other  useful  things.  The  chip  is  usually  used  as  a  pulse  source  for 
digital  circuits.  It’s  available  in  dual  versions  as  the  556  and  quadruple 
versions  as  the  558.  A  special  CMOS  version  lets  you  increase  the  pulsing 
rate  to  2  MHz. 

•  LM741  op  amp  The  LM741  comes  second  in  popularity  to  the  555.  The 
741  can  be  used  for  signal  amplification,  differentiation,  integration,  sample- 
and-hold,  and  a  host  of  other  useful  applications.  The  741  is  available  in  dual 
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version — the  1458.  The  chip  comes  in  different  package  configurations.  The 
schematics  in  this  book  and  those  usually  found  elsewhere,  specify  the  pins 
for  the  common  8-pin  DIP  package.  If  you  are  using  the  14-pin  DIP  package 
or  the  round  can  package,  cheek  the  manufacturer’s  data  sheet  for  the 
correct  pinouts.  Notice  that  numerous  op  amps  are  available,  and  some  have 
design  advantages  over  the  741. 

•  TTL  chips  TTL  ICs  are  common  in  computer  circuits  and  other  digital 
applications.  There  are  many  types  of  TTL  packages,  but  you  won’t  use  more 
than  10  or  15  of  them,  unless  you’re  heavily  into  electronics 
experimentation.  Specifically,  the  7414,  7430,  7432,  7473,  7474,  74154, 
74193,  and  74244.  All  or  many  of  these  are  available  in  “TTL  chip 
assortments”  through  some  of  the  mail-order  electronics  firms. 

•  CMOS  chips  Because  CMOS  ICs  require  less  power  to  operate  than  the 
TTL  variety,  you’ll  often  find  them  specified  for  use  with  low-power  laser  and 
remote-control  applications.  Like  TTL,  there  is  a  relatively  small  number  of 
common  packages:  4001,  4011,  4013,  4016,  4017,  4027,  4040,  4041,  4049, 
4060,  4066,  4069,  4071,  and  4081. 


Wire 

Solid-conductor,  insulated,  #22  hookup  wire  can  be  used  in  your  finished  projects,  as 
well  as  connecting  wires  in  breadboards.  Buy  a  few  spools  in  different  colors.  Solid- 
conductor  wire  can  be  crimped  sharply  and  can  break  when  excessively  twisted  and 
flexed.  If  you  expect  that  wiring  in  your  project  might  be  flexed  repeatedly,  use 
stranded  wire  instead.  Heavier,  #12  to  #18  hookup  wire  is  required  for  connection  to 
heavy-duty  batteries,  motors,  and  circuit-board  power-supply  lines. 

Wire- wrap  is  available  in  spool  or  pre-cut/pre-stripped  packages.  For  ease  of  use, 
buy  the  more  expensive  pre-cut  stuff,  unless  you  have  a  tool  that  does  it  for  you.  Get 
several  of  each  length.  The  wire-wrapping  tool  has  its  own  stripper  built  in  (which 
you  must  use  instead  of  a  regular  wire  stripper),  so  you  can  always  shorten  the  pre¬ 
cut  wires,  as  needed.  Some  special  wire-wrapping  tools  require  their  own  wrapping 
wire.  Check  the  instruction  that  came  with  the  tool  for  details. 

Circuit  boards 

Simple  projects  can  be  built  onto  solder  breadboards.  These  are  modeled  after  the 
solderless  breadboard,  so  you  simply  transfer  the  tested  circuit  from  the  solderless 
breadboard  to  the  solder  board.  You  can  cut  the  board  with  a  hacksaw  or  razor  saw 
if  you  don’t  need  all  of  it. 

Larger  projects  require  perforated  boards.  Get  the  kind  with  solder  tabs  or  sol¬ 
der  traces  on  them.  You’ll  be  able  to  secure  the  components  onto  the  boards  with  sol¬ 
der.  Most  perf  boards  are  designed  for  wire- wrapping. 

IC  sockets 

You  should  use  sockets  for  ICs  whenever  possible.  Sockets  come  in  sizes  ranging 
from  8  to  40  pins.  The  sockets  with  extra-long  square  leads  are  for  wire- wrapping. 
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You  can  also  use  wire-wrap  IC  sockets  to  hold  discrete  components,  such  as  re¬ 
sistors,  capacitors,  diodes,  LEDs,  and  transistors.  You  can,  if  you  wish,  wire-wrap  the 
leads  of  these  components,  but  because  the  leads  are  not  square,  the  small  wire 
doesn’t  have  anything  to  bite  into,  so  the  connection  won’t  be  very  strong.  After  as¬ 
sembly  and  testing  and  you  are  sure  the  circuit  works,  apply  a  dab  of  solder  to  the 
leads  to  hold  the  wires  in  place. 

Setting  up  shop 

You’ll  need  a  work  table  to  construct  the  mechanisms  and  electronic  circuits  of  your 
lasers  and  laser  systems.  Electronic  assembly  can  be  indoors  or  out,  but  I’ve  found 
that  when  working  in  a  carpeted  room,  it’s  best  to  spread  another  carpet  or  some 
protective  cover  over  the  floor.  When  the  throw  rug  fills  with  solder  bits  and  little 
pieces  of  wire  and  component  leads,  I  can  take  it  outside,  beat  it  with  a  broom  han¬ 
dle,  and  it’s  as  good  as  new. 

Unlike  the  manufacturing  process,  actual  use  of  your  laser  system  should  be 
done  indoors,  in  a  controlled  environment.  You’ll  be  using  precision  optics,  so  you 
should  avoid  exposing  them  to  dust,  dirt,  and  temperature  extremes  often  found  in 
garages.  If  you  plan  on  building  a  sand-box  holography  system,  as  described  in  Chap¬ 
ters  17  and  18,  you  must  be  sure  to  keep  the  table  indoors  and  away  from  moisture 
because  sand  has  a  tendency  to  soak  up  water  that  can  impede  the  creation  of  your 
holographic  masterpieces. 

Whatever  space  you  choose  for  your  laser  lab,  be  sure  that  all  of  your  tools  are 
within  easy  reach.  Keep  special  tools  and  supplies  in  an  inexpensive  fishing  tackle 
box.  Tackle  boxes  have  lots  of  small  compartments  for  placing  screws  and  other 
parts. 

For  best  results,  your  workspace  should  be  an  area  where  the  laser  system  in 
progress  will  not  be  disturbed  if  you  have  to  leave  it  for  several  hours  or  days  (as  will 
usually  be  the  case).  The  work  table  should  also  be  one  that  is  off  limits  or  inacces¬ 
sible  to  young  children  or  at  least  is  an  area  that  can  be  easily  supervised.  This  is  es¬ 
pecially  true  of  helium-neon-based  lasers  and  the  high-voltage  power  supplies  used 
with  them. 

Good  lighting  is  a  must.  Both  mechanical  and  electronic  assembly  require  detail 
work,  and  you  need  good  lighting  to  see  everything  properly.  Supplement  overhead 
lights  with  a  60- watt  desk  lamp.  You’ll  be  crouched  over  the  worktable  for  hours  at  a 
time,  so  a  comfortable  chair  or  stool  is  a  must,  and  be  sure  that  the  seat  is  adjusted 
for  the  height  of  the  worktable. 
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CHAPTER 

Buying  laser  parts 

Building  a  laser  system  from  scratch  can  be  difficult  or  easy — it’s  up  to  you.  From  ex¬ 
perience,  I’ve  found  that  the  best  way  to  simplify  the  construction  of  a  laser  system 
is  to  use  standard,  off-the-shelf  parts,  such  as  things  you  can  get  at  the  neighborhood 
hardware  store,  auto  parts  store,  and  electronics  store. 

Finding  parts  for  your  lasers  is  routine,  all  things  considered,  and  little  thought 
goes  into  it.  Be  forewarned,  however,  that  there  are  some  tricks  of  the  trade,  short¬ 
cuts,  and  tips  you  should  consider  before  you  go  on  a  buying  spree  and  stock  up  for 
your  next  project.  By  shopping  carefully  and  wisely,  you  can  save  both  time  and 
money  in  your  laser-building  endeavors. 

Places  to  buy 

Building  laser  systems  on  a  budget  means  you  can’t  take  a  quick  trip  to  the  local  in¬ 
dustrial  laser  supply.  Even  if  there  is  one  in  your  area,  the  components  will  cost  you 
more  than  most  people  make  in  a  year.  Top-grade  optical  gear  carries  stiff  price  tags, 
and  only  well-endowed  universities,  corporations,  and  research  firms  can  afford  them. 

As  a  laser  hobbyist,  you  must  learn  how  to  find  and  adapt  common  hardware  and 
other  everyday  parts  to  laser  components.  An  old,  discarded  spyglass,  for  example, 
might  make  a  perfect  collimating  telescope.  You  might  need  to  refit  some  of  the 
lenses  in  the  scope,  but  to  help  keep  costs  down,  you  might  find  the  required  lenses 
at  a  surplus  store  or  else  rob  them  from  another  piece  of  optical  equipment.  De¬ 
pending  on  the  quality  of  the  original  components,  as  well  as  the  level  of  your  inge¬ 
nuity,  you  might  end  up  with  a  collimating  telescope  that’s  every  bit  as  good  as  one 
costing  several  hundred  dollars.  If  you  shop  wisely,  your  collimating  telescope  might 
only  cost  you  $10. 

There  are  numerous  places  to  buy  parts  for  your  laser  projects.  You’ll  find  the 
best  deals  at: 

•  hardware  stores 

•  electronics  stores 

•  specialty  stores 
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•  surplus  stores 

•  mail  order 

Buying  at  hardware  stores 

The  small-town  neighborhood  hardware  store  is  a  great  place  for  nails  to  fix  the  back 
porch  or  a  rake  to  clean  up  the  yard.  But  on  closer  inspection,  it  seems  that  although 
the  hardware  outlet  carries  thousands  of  items,  it  doesn’t  have  the  ones  you  need  at 
that  exact  moment.  More  often  than  not,  you’ll  find  it  necessary  to  make  trips  to  a 
variety  of  hardware  stores.  Some  stores  cater  to  a  specific  segment  of  do-it-your¬ 
selfers  and  professionals.  Some  stores  are  designed  expressly  to  please  professional 
painters,  while  others  are  for  weekend  plumbers  and  electricians.  Realize  this  spe¬ 
cialization  and  you’ll  have  better  luck  in  finding  the  parts  you  need. 

Warehouse  hardware  outlets  and  builder’s  supply  stores  (usually  open  to  the 
public)  are  the  best  source  for  the  wide  variety  of  tools  and  parts  you  need  for  laser 
experimentation.  Items,  such  as  nuts  and  bolts,  are  generally  available  in  bulk,  so 
you  can  save  a  considerable  amount  of  money. 

As  you  tour  the  hardware  stores  in  your  area,  keep  a  notebook  handy  and  jot 
down  the  lines  each  outlet  carries.  When  you  find  yourself  needing  a  specific  item, 
just  refer  to  your  notes.  On  a  regular  basis,  take  an  idle  stroll  through  your  regular 
hardware  store  haunts.  Unless  the  store  is  very  small,  you’ll  always  find  something 
new  and  perhaps  laughably  useful  in  laser  system  design  each  time  you  visit. 

Buying  at  electronics  stores 

As  recent  as  10  years  ago,  electronic  parts  stores  used  to  be  in  plentiful  supply.  Even 
some  automotive  outlets  carried  a  full  range  of  tubes,  specialty  transistors,  and  other 
electronic  gadgets.  Now,  Radio  Shack  remains  as  the  only  national  electronics  store 
chain.  In  many  towns  across  the  country,  it’s  the  only  thing  going. 

Radio  Shack  continues  to  support  electronics  experimenters,  but  they  stock 
only  the  most  common  components.  If  your  needs  extend  beyond  resistors,  capaci¬ 
tors,  and  a  few  integrated  circuits,  you  must  turn  to  other  sources.  Check  the  local 
Yellow  Pages  under  Electronics-Retail  for  a  list  of  electronic  parts  shops  near  you. 

Radio  Shack  isn’t  known  for  the  best  prices  in  electronic  parts  (although  some¬ 
times  they  have  really  good  bargains),  yet  the  neighborhood  independent  electron¬ 
ics  specialty  store  might  not  be  much  better.  It’s  not  unusual  for  prepackaged 
resistors  and  capacitors  to  sell  for  50  cents  to  $1  each,  and  few  stores  carry  cost-sav¬ 
ing  parts  assortments.  Unless  you  need  a  specific  component  that  isn’t  available  any¬ 
where  else  near  you,  stay  away  from  the  independent  electronics  outlet.  There  are 
independent  stores  that  don’t  charge  outrageously  for  parts,  of  course,  but  these  are 
the  exceptions,  not  the  rule. 

All  is  not  lost.  Mail  order  provides  a  welcome  relief  to  overpriced  electronic  com¬ 
ponents.  You  can  find  ads  for  these  mail-order  firms  in  the  various  electronics  maga¬ 
zines  such  as  Electronics  Now  and  Modem  Electronics.  Both  publications  are 
available  at  newsstands.  Also,  several  mail-order  firms  are  listed  in  Appendix  A. 

Specialty  stores 

Specialty  stores  are  those  outlets  open  to  the  general  public  that  sell  items  that  you 
won’t  find  in  a  regular  hardware  or  electronic  parts  store.  Specialty  stores  don’t  in- 
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elude  surplus  outlets  (discussed  later  in  this  chapter).  What  specialty  stores  are  of 
use  to  laser  hobbyists?  Consider  these: 

•  Sewing  machine  repair  shops  Ideal  for  small  gears,  cams,  levers,  and 
other  precision  parts.  Some  shops  will  sell  you  broken  machines — break  the 
machine  down  and  use  the  parts  for  your  laser  projects. 

•  Used  battery  depot  A  good  source  for  cheap  batteries  for  your  portable 
laser  designs.  Most  of  the  batteries  are  used,  but  reconditioned.  The  shop 
takes  in  old  car  and  motorcycle  batteries  and  refurbishes  them.  Selling  price 
is  usually  between  $15  and  $25 — 50  to  75%  less  than  a  new  battery. 

•  Junkyards  Old  cars  are  good  sources  for  powerful  dc  motors  used  for 
windshield  wipers,  electric  windows,  and  automatic  adjustable  seats.  Bring 
tools  to  salvage  the  parts  you  want. 

•  Bicycle  sales/service  shop  Not  the  department  store  that  sells  bikes,  but  a 
real  professional  bicycle  shop.  Items  of  interest:  control  cables,  chains,  and 
reflectors. 

•  Industrial  parts  outlet  Some  places  sell  gears,  bearings,  shafts,  motors, 
and  other  industrial  hardware  on  a  one-piece-at-a-time  basis.  The  penalty: 
high  prices. 


Shopping  the  surplus  store 

Surplus  is  a  wonderful  thing,  but  most  people  shy  away  from  it.  Why?  If  it’s  surplus, 
as  the  reasoning  goes,  it  must  be  worthless  junk.  That’s  simply  not  true.  Surplus  is 
exactly  what  its  name  implies:  extra  stock.  Because  the  stock  is  extra,  it’s  generally 
priced  accordingly — to  move  it  out  the  door. 

Surplus  stores  that  specialize  in  new  and  used  mechanical  and  electronic  parts 
(not  to  be  confused  with  surplus  clothing,  camping,  and  government  equipment 
stores)  are  a  pleasure  to  find.  Most  areas  have  at  least  one  such  surplus  store; 
some  as  many  as  three  or  four.  Get  to  know  each  and  compare  prices.  Bear  in  mind 
that  surplus  stores  don’t  have  mass-market  appeal,  so  finding  them  is  not  always 
easy.  Start  by  looking  in  the  Yellow  Pages  under  Electronics  and  also  under  Sur¬ 
plus. 

Mail-order  surplus 

Some  surplus  is  available  through  the  mail.  The  number  of  mail-order  surplus  out¬ 
fits  that  cater  to  the  hobbyist  is  limited,  but  you  can  usually  find  everything  you 
need  if  you  look  carefully  enough  and  are  patient.  See  Appendix  A  for  more  infor¬ 
mation. 

Although  surplus  is  a  great  way  to  stock  up  on  lasers,  optical  components,  dc 
motors,  and  other  odds  and  ends,  you  must  shop  wisely  Just  because  the  company 
calls  the  stuff  “surplus”  doesn’t  mean  that  it’s  cheap.  A  popular  item  in  a  catalog 
might  sell  for  top  dollar. 

Always  compare  prices  of  similar  items  offered  by  various  surplus  outlets  be¬ 
fore  buying.  Consider  all  the  variables,  such  as  the  added  cost  of  insurance,  postage 
and  handling,  and  COD  fees.  Also,  be  sure  that  the  mail-order  firm  has  a  lenient  re¬ 
turn  policy.  You  should  always  be  able  to  return  the  goods  if  they  are  not  satisfac¬ 
tory  to  you. 
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Buying  lasers  and  laser  power  supplies 

You’ll  obviously  need  a  laser  and  a  power  supply  in  order  to  do  any  laser  experiments 
(you  can  build  a  power  supply  and  some  types  of  lasers,  but  at  first  it’s  best  to  buy 
until  you  gain  more  experience).  Lasers  are  available  from  a  variety  of  sources,  in¬ 
cluding  mail  order,  the  local  electronic  specialty  store,  and  lab  supply  outlets. 

Mail  order  presents  perhaps  the  least-expensive  route.  Most  deal  with  used  and 
surplus  components  at  a  cost  savings  of  25  to  80%  of  retail  list  price.  Here  are  some 
typical  prices  for  components  pulled  from  a  recent  catalog  of  laser  surplus: 

Item  List  price  Sale  price 


2-  to  3-mW  helium-neon  tube  $200  $60 

12-Vdc  He-Ne  power  supply  $140  $50 

Visible  light  diode  $50  $40 

Cube  beam  splitter  $45  $10 


Prices  change  constantly  because  they  are  driven  by  the  economy  and  supply 
and  demand.  By  the  time  you  read  this,  the  sale  prices  listed  in  the  table  could  be 
considerably  higher  or  lower  than  the  current  going  price.  The  list  was  provided  sim¬ 
ply  to  give  you  an  idea  of  the  kinds  of  savings  possible  from  laser  mail-order  dealers. 

As  always,  you  must  be  careful  when  purchasing  through  the  mail.  Avoid  send¬ 
ing  money  to  unestablished  companies.  If  you  have  never  heard  of  the  firm  before, 
call  them  and  talk  to  them  about  their  merchandise,  service,  and  returns  policy. 
Many  mail-order  laser  surplus  outfits  are  small,  and  the  owner  himself  might  answer 
the  phone.  If  possible,  place  your  first  order  by  COD.  Subsequent  orders  can  be 
placed  by  COD  or  check. 

By  its  nature,  laser  surplus  is  a  variable  commodity.  Most  laser  surplus  companies 
publish  a  catalog  or  flyer,  but  the  stock  can  change  at  any  time.  It’s  a  good  idea  to  call 
first  to  be  sure  that  the  merchandise  you  want  is  still  available.  While  you  are  on  the 
phone,  you  can  ask  if  they  have  received  new  products  not  listed  in  the  catalog.  You 
never  know  when  they  will  hit  the  jackpot  and  you  can  get  in  on  a  great  purchase. 

It’s  hard  to  judge  the  quality  of  merchandise  pictured  or  listed  in  a  catalog.  Be 
sure  that  you  can  return  defective  components  or  those  that  aren’t  as  they  are  de¬ 
scribed  in  the  catalog. 

If  you  are  new  to  lasers,  you  might  feel  more  comfortable  buying  the  compo¬ 
nents  at  a  local  electronics  dealer.  Not  all  dealers  stock  lasers,  of  course,  and  those 
that  usually  handle  only  surplus  tubes  and  supplies.  Prices  can  vary  considerably,  so 
it’s  a  good  idea  to  check  the  going  rate  against  mail-order  catalogs.  If  the  average  cost 
in  a  catalog  of  a  1-mW  He-Ne  tube  is  $75,  for  example,  you’ll  be  forewarned  from 
buying  one  at  $150. 

The  advantage  of  buying  in  person  is  that  you  can  try  out  the  merchandise  be¬ 
fore  you  get  it  home.  If  the  stock  is  surplus,  you  might  be  able  to  root  through  the 
shelves  to  find  the  best  tube  you  can.  Recently,  I  found  a  perfectly  good  8-mW  He- 
Ne  tube  for  $10  in  the  bottom  of  a  junk  barrel  at  a  local  surplus  outlet.  Luck  isn’t  al¬ 
ways  this  gracious,  but  a  find  like  this  is  impossible  when  dealing  with  mail  order. 

A  number  of  mail-order  laser  surplus  dealers  are  listed  in  Appendix  A.  Others 
advertise  in  the  electronics  magazines;  refer  to  recent  issues  for  names  and  ad- 
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dresses.  Finding  mail-order  companies  is  fairly  easy  because  they  often  go  to  great 
lengths  to  promote  their  name  by  advertising.  A  local  electronics  store  won’t  adver¬ 
tise  in  the  national  magazines  and  might  have  only  a  one-line  listing  in  the  telephone 
directory.  The  Yellow  Pages  are  your  best  bet,  but  plan  to  spend  a  few  hours  making 
some  calls.  Look  up  suitable  outlets  under  Electronics — Retail  and  Surplus.  Phone 
them  and  ask  if  they  deal  in  laser  surplus.  The  answer  will  usually  be  no,  but  every 
once  in  a  while  you’ll  hit  the  jackpot. 

Electronics  flea  marts  (also  called  hamfests  or  computerfests)  are  becoming 
more  and  more  popular,  particularly  among  computer  and  amateur  radio  enthusi¬ 
asts.  If  you  aren’t  aware  of  any  flea  marts  in  your  area,  ask  around  at  the  local  elec¬ 
tronics  stores  or  see  the  latest  issue  of  Nuts  &  Volts  and  Computer  Shopper 
magazines  (see  Appendix  B) . 

One  flea  mart  in  my  area  is  held  at  the  last  Saturday  of  every  month  in  the  park¬ 
ing  lot  of  a  large  electronics  firm.  Buyers  and  sellers  come  free  and  most  of  the  stuff 
is  sold  by  electronics  hackers  and  ham  radio  operators.  Occasionally,  one  or  two 
dealers  come  loaded  with  laser  stuff.  There’s  always  a  crowd  around  them. 

Buying  at  a  flea  mart  is  tricky  business  because  most  of  the  sellers  aren’t  in  reg¬ 
ular  business.  Most  don’t  offer  any  type  of  guarantee,  so  be  sure  that  the  gear  you 
buy  is  in  proper  working  condition  before  you  leave.  If  you  can’t  test  the  merchan¬ 
dise  at  the  flea  mart,  get  a  receipt  that  has  the  telephone  number  and  address  of  the 
seller.  Announce  that  you  plan  to  get  a  replacement  if  the  component  you  buy  is  de¬ 
fective.  Few  people  will  argue;  they’d  do  the  same  if  they  were  on  the  other  side  of 
the  table. 
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CHAPTER 

Controlling  laser  beams 
with  your  computer! 

In  the  Wizard  of  Oz,  the  Scarecrow  laments  “If  I  only  had  a  brain.”  He  imagines  the 
wondrous  things  he  could  do,  if  he  had  more  than  straw  filling  his  noggin! 

In  a  way,  your  laser  system — like  a  laser  light  show — is  just  like  the  Scarecrow. 
Without  a  computer  to  control  it,  your  laser  system  can  only  be  so  smart. 

You  can  always  build  a  computer  from  scratch  for  use  in  your  laser  system,  us¬ 
ing  various  IC  building  blocks  to  make  a  reasonably  smart  brain  for  your  automaton. 
But  it’s  easier  to  just  use  a  ready-made  computer,  like  an  IBM  PC  or  compatible. 
Older  models — perfect  for  experimentation — are  often  available  for  next-to-nothing 
at  garage  sales,  flea  marts,  and  second-hand  stores. 

This  chapter  reveals  how  to  use  your  computer — specifically  an  IBM  PC  or 
clone — to  control  the  position  of  a  laser  beam.  Why  the  IBM  PC?  It’s  a  common  com¬ 
puter,  often  found  in  businesses  and  homes,  and  it  provides  a  great  deal  of  flexibility. 

Interface  circuitry 

Too  bad  you  can’t  just  plug  your  laser  system  directly  into  your  computer.  A  com¬ 
puter  has  no  direct  means  to  control  the  system  (or  most  any  real-world  device  for 
that  matter,  such  as  a  light  dimmer,  home  security  alarm,  or  kitchen  appliances).  To 
connect  the  laser  system  and  computer  together,  you  need  suitable  interface  elec¬ 
tronics.  This  can  take  many  forms,  including  relays  and  transistors,  as  detailed  here. 

Of  primary  importance  to  laser  experimenters  is  controlling  dc  motors.  There 
are  a  number  of  ways  to  accomplish  electronic  or  electrically  assisted  operation  and 
direction  control  of  motors.  By  activating  a  motor,  and  connecting  a  mirror  to  the 
motor  shaft,  the  laser  beam  can  be  made  to  move  as  it  strikes  off  the  mirror.  This  is 
the  basis  of  all  light-show  system,  for  example.  The  laser  light  is  controlled  almost 
entirely  by  mirrors  moved  by  a  motor  of  some  kind. 
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Using  relays 

Perhaps  the  most  straightforward  approach  to  controlling  a  motor  is  to  use  a  relay.  It 
might  seem  rather  daft  to  install  something  as  old-fashioned  and  cumbersome  as  a 
relay  in  a  hi-tech  laser  system,  but  in  actuality,  it’s  one  of  the  most  foolproof.  Al¬ 
though  relays  do  wear  out  in  time  (after  a  few  hundred  thousand  switchings),  they 
are  less  expensive  than  the  other  methods,  easier  to  implement,  and  usually  take  up 
less  space. 

Basic  on/off  motor  control  can  be  accomplished  with  a  single-pole  relay.  Rig  up 
the  relay  so  that  current  is  broken  when  the  relay  is  not  activated.  Turn  on  the  relay, 
and  the  switch  closes,  thus  completing  the  electrical  circuit.  The  motor  turns.  (If  you 
put  a  stop  on  the  motor  shaft  so  that  it  turns,  you  can  create  a  laser  beam  “shutter.” 
More  about  this  in  a  bit.) 

How  you  activate  the  relay  isn’t  the  important  consideration  here.  You  could 
control  it  by  a  pushbutton  switch,  but  that’s  no  better  than  the  manual  switch 
method  (mentioned  previously).  Relays  can  easily  be  driven  by  digital  signals.  Fig¬ 
ure  25-1  shows  the  complete  driver  circuit  for  a  relay-controller  motor.  Logical  0 
(LOW)  turns  the  relay  off;  logical  1  (HIGH)  turns  it  on.  The  relay  can  be  operated  from 
any  digital  gate,  including  a  computer  or  microprocessor  port.  The  transistor  is  used 
because  most  digital  ports  (parallel  printer  ports  included)  lack  sufficient  drive  cur¬ 
rent  to  directly  operate  a  relay. 

When  selecting  relays,  be  sure  that  the  contacts  are  rated  for  the  motors  you  are 
using.  All  relays  carry  contact  ratings,  and  it  will  vary  from  a  low  of  about  0.5  amp  to 
over  10  amps,  at  125  volts.  Higher  capacity  relays  are  larger  and  might  require  big- 
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25-1  Basic  hookup  for  direction  relay  control  of  small  dc  motors. 
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ger  transistors  to  trigger  them  (the  very  small  reed  relays  can  often  be  triggered  by 
digital  control  without  the  addition  of  the  transistor).  For  most  applications,  includ¬ 
ing  laser  beam  control,  you  don’t  need  a  relay  rated  higher  than  two  or  three  amps. 

Transistor  control 

Transistors  provide  true  solid-state  control  of  motors.  For  the  purpose  of  motor  con¬ 
trol,  use  the  transistor  as  a  simple  switch. 

An  excellent  transistor  motor  control  scheme  is  shown  in  Fig.  25-2  (parts  list  in 
Table  25-1).  I  like  to  use  power  MOSFET  transistors  for  controlling  motors  because 
they  are  more  adaptable  to  a  wide  variation  in  motors,  and  they  don’t  require  much 
in  the  way  of  interfacing.  MOSFET  stands  for  metal-oxide  semiconductor  field- 
effect  transistor.  The  “power”  part  means  you  can  use  them  for  motor  control  with¬ 
out  worrying  about  burning  them,  or  the  controlling  circuitry,  up  in  smoke. 


25-2  Motor  control  (power  plus  direction)  using  power  MOSFET  devices. 

Table  25-1. 

MOSFET  transistor  parts  list 


Q1-Q4  IRF511  (or  equiv.)  power  MOSFET 
IC1  4011  CMOS  quad  NAND  gate  IC 


MOSFET’s  look  a  lot  like  transistors,  but  there  are  a  few  important  differences. 
First,  like  CMOS  ICs,  it  is  entirely  possible  to  damage  a  MOSFET  device  by  zapping 
it  with  static  electricity.  When  handling  it,  always  keep  the  protective  foam  around 
the  terminals. 
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Further,  the  names  of  the  terminals  are  different  than  transistors.  Instead  of 
base,  emitter,  and  collector,  MOSFETs  have  a  gate,  source,  and  drain.  Broadly  speak¬ 
ing,  the  gate  is  the  same  as  the  base  of  a  transistor,  and  the  source  and  drain  are  the 
same  as  the  emitter  and  collector,  respectively.  You  can  easily  damage  a  MOSFET  by 
connecting  it  in  the  circuit  improperly.  Always  refer  to  the  pin-out  diagram  before 
wiring  the  circuit,  and  double-check  your  work. 

A  commonly  available  power  MOSFET  is  the  IRF-511  (available  at  Radio  Shack 
and  through  most  mail-order  electronics  companies).  It’s  perfect  for  controlling 
small  “hobby”  motors  that  run  on  1.5  to  6  Vdc. 

Moving  mirror  to  control  the  beam 

Figure  25-3  shows  a  mirror  mounted  to  a  motor  shaft.  Also  mounted  on  the  motor  is 
a  stop  to  prevent  the  shaft  from  turning.  When  power  is  applied  to  the  motor,  it  turns 
the  mirror,  which  moves  the  laser  beam  reflecting  off  it.  The  mechanism  is  spring- 
loaded,  so  the  mirror  will  return  to  its  original  position.  That  is,  when  the  motor  is  de¬ 
activated,  the  mirror  returns  to  its  original  spot,  and  the  laser  beam  moves  back,  too. 
Depending  on  the  angle  of  the  laser  beam  to  the  mirror,  you  can  use  this  setup  to 
move  the  beam  mere  inches  or  entire  feet.  The  mirror  (and  the  positioning  of  the 
stops)  controls  the  deflection  of  the  beam. 

If  you  replace  the  mirror  with  a  piece  of  opaque  metal  or  plastic,  you  can  use  the 
same  basic  setup  to  interrupt  the  laser  beam.  For  example,  you  can  alternatively 
pass  or  block  the  beam,  creating  a  flashing  effect.  As  an  alternative  to  a  motor,  you 
can  connect  the  computer  output  to  a  solenoid,  as  depicted  in  Fig.  25-4.  When  the 
solenoid  is  not  activated,  the  beam  is  blocked.  Activate  the  solenoid,  and  the  beam 
“shutter”  is  moved  out  of  the  way,  revealing  the  beam. 

Another  approach  is  to  use  model  aircraft  control  servos.  These  contain  a  motor 
and  set  of  gears  for  precisely  positioning  the  motor  shaft.  The  motor  approach 
shown  is  great  when  you  want  to  move  the  beam  whole  distances.  But  the  servo 
technique  is  better  suited  for  fine  control  of  the  beam  “sweep.”  See  “Using  a  Com¬ 
puter  to  Control  a  Servo”  later  in  this  chapter  for  more  details. 


25-3 
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motor  to  provide  control  of  the 
reflection  of  a  laser  beam. 
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25-4  Instead  of  connecting  a  motor  to  a  relay,  you  can  connect  the  windings 
of  a  solenoid  instead.  Attach  any  opaque  object  to  the  solenoid  to  create  a 
laser  beam  light  shutter. 


Connecting  to  the  parallel  port 

In  the  IBM  PC,  expansion  input/output  (I/O)  boards,  like  a  parallel  printer  or  RS-232 
serial  board,  are  plugged  into  the  main  motherboard.  Slots  in  the  motherboard  accept 
these  auxiliary  cards  and  you  are  relatively  free  to  put  any  type  of  card  in  any  slot. 

The  PC  address,  or  accesses,  its  various  I/O  ports  by  using  a  unique  address 
code.  Each  device  or  expansion  board  in  the  computer  has  an  address  unique  to  it¬ 
self,  just  as  you  have  a  home  address  that  no  one  else  in  the  world  shares  with  you. 

The  parallel  port  that  comes  on  the  monochrome  display  adapter  has  a  starting 
address  of  956.  This  address  is  in  decimal,  or  base- 10  numbering  form;  some  pro¬ 
gramming  languages  require  that  the  address  be  given  in  hexadecimal,  or  base-16, 
form.  In  hex,  the  starting  address  is  3BCH  (the  address  is  really  3BC;  the  H  means 
that  the  number  is  in  hex).  The  parallel  port  contained  on  an  I/O  expansion  board, 
like  a  multifunction  card,  has  a  decimal  address  of  888  (or  378H  hex)  or  632  (278H). 
Usually,  you  specify  the  address  of  the  port  when  you  install  the  board. 

Parallel  ports  in  the  IBM  PC  are  given  the  logical  names  LPT1:,  LPT2:,  and 
LPT3:.  Every  time  that  the  system  is  powered  up  or  reset,  the  ROM  BIOS  (Basic  In¬ 
put/Output  System)  chip  on  the  computer  motherboard  automatically  looks  for  par¬ 
allel  ports  at  these  I/O  addresses:  3BCH,  378H,  and  278H,  in  that  order  (it  skips 
3BCH  if  you  don’t  have  a  monochrome  card/printer  port  installed).  The  logical 
names  are  assigned  to  these  ports  as  they  are  found. 

Table  25-2  is  a  chart  that  shows  the  port  addresses  for  all  the  possible  parallel 
ports  in  the  IBM  PC  and  AT.  The  logical  port  names  are  often  used  by  applications 
software  instead  of  the  actual  addresses.  In  laser  system,  there  is  more  flexibility  us¬ 
ing  the  addresses,  so  we’ll  stick  with  them. 

The  parallel  port  on  the  IBM  PC  is  a  25-pin  connector,  often  referred  to  as  a  DB- 
25  connector.  Cables  and  mating  connectors  are  in  abundant  supply,  making  it  easy 
for  you  to  wire  up  your  own  peripherals.  You  can  buy  connectors  that  crimp  onto  25- 
conductor  ribbon  cable,  or  connectors  that  are  designed  for  direct  soldering. 
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Table  25-2.  Parallel  port  addresses 


Adapter 

Mono  card 
(PC, XT,  AT) 

PC/XT  printer  adapter 
AT  S/P  card  (as  LPT1) 

AT  S/P  card  (as  LPT2) 


Data  Output 

3BCH,956D 

378H,888D 

278H,632D 


Status 

3BDH,957D 

379H,889D 

279H,633D 


Control 

3BEH,958D 

380H,890D 

27AH,634D 


H  suffix  =  hex 
D  suffix  =  decimal 


Figure  25-5  shows  the  pin-out  designations  for  the  connector  (shown  with  the 
end  of  the  connector  facing  you).  Notice  that  only  a  little  more  than  half  of  the  pins 
are  in  use.  The  others  are  not  connected  inside  the  computer,  or  are  grounded  to  the 
chassis.  Table  25-3  shows  the  meaning  of  the  pins. 

Take  a  closer  look  at  the  chart  in  Table  25-2.  Notice  that  not  one  address  is  given, 
but  three.  The  so-called  starting  address  is  used  for  data  output.  The  data  output  is 
comprised  of  eight  bits,  something  on  the  order  of  01101000.  There  are  256  possible 
combinations  of  the  eight  bits.  In  a  printer  application,  this  means  that  the  computer 
can  send  out  the  specific  code  for  up  to  256  different  characters.  The  data  output 
pins  are  numbered  2  through  9. 
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25-5  The  parallel  printer  port,  as  seen  from  the  back  of  a 


The  other  two  addresses  are  for  status  and  control,  some  of  which  are  shown  in 
Fig.  25-6. 

An  important  control  pin  is  pin  1.  This  is  the  STROBE  line,  used  to  tell  the  pe¬ 
ripheral — like  a  printer — that  the  parallel  data  on  lines  2  through  9  is  ready  to  be 
read.  The  strobe  line  is  used  because  all  the  data  might  not  arrive  at  their  outputs 
at  the  same  time.  It  is  also  used  to  signal  a  change  in  state. 

The  output  lines  are  latched,  meaning  that  whatever  data  you  place  on  them 
stays  there  until  you  change  it  or  turn  off  the  computer.  During  printing,  the  STROBE 
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Table  25-3.  Parallel  port  pinout  functions 


Pin  #  Function  (Printer  Application) 

1  Strobe 

2  Data  bit  0 

3  Data  bit  1 

4  Data  bit  2 

5  Data  bit  3 

6  Data  bit  4 

7  Data  bit  5 

8  Data  bit  6 

9  Data  bit  7 

10  Acknowledge 

1 1  Busy 

12  PE  (out  of  paper) 

13  Printer  on  line 

14  Auto  linefeed  after  carriage  return 

15  Printer  error 

16  Initialize  printer 

17  Select/deselect  printer 
18-25  Unused  or  ground 


Control 

Bit 

0 

1 

2 

3 

4 

5-7 


Function 

Low=normal;  High=output  of  byte  of  data 
Low=normal;  High=auto  linefeed  after  carriage  return 
Low=initialize  printer;  High=Normal 
Low=deseleet  printer;  High=select  printer 
Low=printer  interrupt  disables;  High=enabled 
Unused 


Status 

Bit  Function 

0-2  Unused 

3  Low=printer  errror;  High=no  error 

4  Low=printer  not  on  line;  High=printer  on  line 

5  Low=printer  has  paper;  High=out  of  paper 

6  Low=printer  acknowledges  data  send;  High=normal 

7  Low=printer  busy;  High=printer  ready 


line  toggles  high  to  low  and  then  high  again.  You  don’t  have  to  use  the  strobe  line 
when  commanding  your  laser-beam  positioning  system  (we  won’t  bother  with  it  for 
this  application),  but  it’s  a  good  idea  for  bigger  systems. 

Other  control  lines: 

•  Auto  form-feed  (not  always  implemented). 

•  Select/deselect  printer. 
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•  Initialize  printer. 

•  Printer  interrupt  (not  always  implemented) . 

The  status  lines  are  the  only  ones  that  feed  back  into  the  computer.  There  are 
five  status  lines,  but  not  all  parallel  ports  support  them  every  one.  They  are: 

•  Printer  error. 

•  Printer  not  selected. 

•  Paper  error. 

•  Acknowledge. 

•  Busy. 


Bit  pattern 
first  16  digits 


25-6  The  parallel  port  outputs 
eight  bits  at  a  time. 
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The  acknowledge  and  BUSY  lines  are  really  the  same  as  far  as  printers  are  con¬ 
cerned,  but  you  can  use  the  two  separately  in  your  own  programs  (one  helpful  tid¬ 
bit:  when  the  busy  line  is  low,  the  ack  line  is  high)  .  The  laser-beam  control  system 
has  no  use  for  the  input  or  status  lines  on  the  PC  parallel  port,  but  the  information  is 
presented  here  for  your  edification. 

Using  the  port  to  operate  a  motor 

The  simplest  way  to  operate  a  motor  used  for  laser-beam  control  is  to  connect  each 
of  the  data  output  lines  to  one  of  the  interface  circuits  presented  earlier  in  this  chap¬ 
ter.  You  can  control  up  to  eight  motors  or  other  devices  in  this  fashion  using  one  par¬ 
allel  port. 

Let’s  say  that  you  only  have  two  motors  connected  to  the  interface,  and  that  you 
are  using  lines  0  and  1  (pins  2  and  3  respectively).  To  turn  on  motor  #1,  you  must  ac¬ 
tivate  the  bit  for  line  0;  that  is,  make  it  HIGH.  To  do  this,  output  a  bit  pattern  number 
to  the  port  using  the  BASIC  OUT  command.  You’ll  see  how  to  do  this  shortly.  (Note: 
Since  MS-DOS  5.0,  a  BASIC  intepreter  called  QBasic  has  been  included  with  the  op¬ 
erating  system.  You  can  use  QBasic  for  all  of  the  examples  in  this  chapter.) 

The  OUT  command  is  a  lot  like  the  command,  but  it  is  used  to  send  data  to  an 
I/O  port,  not  to  memory.  The  OUT  command  consists  of  just  two  variables:  port  ad¬ 
dress  and  value.  The  two  are  separated  by  a  comma.  To  send  data  to  the  data  output, 
type: 

OUT  888,  x 

In  place  of  x,  put  the  decimal  value  of  the  binary  bit  pattern.  Figure  25-6  shows 
the  first  16  binary  numbers,  and  the  bit  pattern  that  makes  them  up. 

Normally,  you  initialize  the  port  at  the  beginning  of  the  program  by  outputting 
decimal  0,  or  all  logic  Os.  The  line  of  code  for  this  is: 

OUT  888,  0 

You’ll  notice  that  in  every  other  decimal  number,  bit  0  (on  the  right  hand  side) 
changes  from  0  to  1.  To  activate  just  the  #1  motor,  choose  a  decimal  number  where 
only  the  first  bit  changes.  There  is  only  one  number  that  meets  the  criteria:  it  is  dec¬ 
imal  1,  or  00000001.  So  type: 

OUT  888,  1 

The  motor  turns  on.  To  turn  it  off,  send  a  decimal  0  to  the  port.  Now,  how  might 
you  turn  on  both  motor  #1  and  #2?  Look  for  the  binary  bit  pattern  where  the  first  and 
second  bits  are  1  (it’s  decimal  2) ,  and  output  it  to  the  port. 

•  Data  bit  0  turns  motor  1  on  and  off.  A  logical  0  means  OFF;  a  logic  1  means 
ON. 

•  Data,  bit  1  turns  motor  2  on  and  off.  A  logical  0  means  OFF;  a  logic  1  means 
ON. 

Assuming  you  are  using  relay  control,  the  overall  schematic  for  the  two-motor 
laser-beam  control  system  is  shown  in  Fig.  25-7.  A  parts  list  is  provided  in  Table  25-4. 
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25-7 

The  minimum  parallel  port:  eight 
data  outputs,  a  STROBE  (data 
ready)  line,  and  inputs  from  the 
printer  or  plotter,  including 
SELECT,  PRINTER  ERROR,  and 
BUSY. 


Table  25-4.  Relay  motor 
parts  list  (build  two) 


R1,R2  1-kQ  resistors 
Q1,Q2  2N2222  NPN  transistor 

RL1  SPST  relay 

RL2  DPDT  relay 

D1,D2  1N40003  diode 

All  resistors  5  to  10  percent  tolerance, 
lA  watt. 


Software  for  controlling  the  motors  needn’t  be  elaborate.  You  can  easily  decode 
the  output  of  the  parallel  port  to  operate  the  laser-beam  motors  because  you  only 
need  to  worry  about  the  first  two  bits. 

Here  is  how  the  motor  control  is  decoded  (notice  that  the  direction  bit  makes  no 
difference  if  the  motor  is  off,  but  for  clarity,  we’ll  consider  the  bit  0  for  FORWARD). 

Other  software  approaches 

There  are  plenty  of  other  ways  to  get  data  to  the  printer  port.  If  LPT1:  is  set  up  as 
the  printer  device,  you  can  use  the  LPRINT  CHR$(x)  statement  to  output  data.  As 
usual,  in  place  of  oc,  put  the  decimal  number  that  equals  the  bit  pattern  you  want 
placed  on  the  data  output  lines.  Notice  that  the  STROBE  line  is  automatically  acti¬ 
vated  for  each  byte  and  that  you  don’t  have  direct  control  of  the  status  and  control 
lines  of  the  port. 

Also,  the  LPRINT  command  ends  each  line  with  a  carriage  return  and  line  feed, 
which  is  probably  not  desirable.  You  can  prevent  carriage  returns  and  line  feeds  from 
occurring  by  placing  a  semicolon  after  each  LPRINT  statement  line.  When  the  pro¬ 
gram  ends,  however,  BASIC  sends  out  a  carriage  return  and  line  feed. 
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Another  approach  is  to  use  the  OPEN  command,  as  in: 

OPEN  "LPT1"  as  #1 

You  can  then  use  the  PRINT#  command  statement.  Again,  a  carriage  return/line 
feed  pair  is  sent  when  using  PRINT#,  but  you  can  suppress  it  by  ending  each  PRINT# 
statement  line  with  a  semicolon. 


Using  a  computer  to  control  a  servo 

If  you’re  familiar  with  radio-controlled  airplanes,  then  you’ve  undoubtedly  seen  a 
model  airplane  servo  motor.  These  little  devices,  some  of  which  are  barely  larger 
than  a  9-volt  battery,  contain  a  motor,  gear  system,  and  internal  servo-controlled 
electronics.  Servos  are  used  in  model  airplanes  to  provide  fine  control  of  the  plane's 
so-called  control  surfaces:  the  rudder,  ailerons,  and  elevator. 

The  servos  are  connected  to  a  miniature  radio  receiver.  On  the  ground,  the  “pi¬ 
lot”  of  the  plane  controls  the  servo  by  adjusting  joysticks  on  a  remote  control. 

Airplane  servos  work  using  a  technique  called  pulse-width  modulation.  As 
long  as  a  series  of  pulses  reaching  the  motor  remain  a  given  width,  the  motor  is  po¬ 
sitioned  (for  example)  in  the  center  of  its  travel.  Make  the  pulses  shorter,  and  the 
motor  turns  the  shaft  in  one  direction.  Make  the  pulses  longer,  and  the  motor  turns 
the  shaft  in  the  other  direction.  The  shaft  turns  about  270  to  330°,  depending  on  the 
design  of  the  servo.  It  stops  when  it  reaches  the  limits  at  either  end. 

You  can  imagine  what  fun  you  can  have  with  your  laser  if  you  attach  a  mirror  to 
the  motor  shaft.  Adjust  the  train  pulses  so  that  the  shaft  is  positioned  just  so.  Alter 
the  pulses  a  bit,  and  the  shaft  moves  just  a  bit.  Under  the  right  circumstances,  model 
airplane  servos  can  provide  accuracy  of  about  a  degree  of  movement,  sometimes 
even  better. 

Mounting  a  mirror  to  a  servo  motor  is  not  a  problem — a  glob  of  glue  and  you’re 
done.  Controlling  it  via  computer  is  another  matter.  This  requires  some  interface 
electronics  to  transform  the  computer’s  binary  data  into  pulses.  Actually,  this  sounds 
harder  than  it  is.  All  it  takes  is  a  small  assortment  of  readily  available  parts.  The  cost 
of  the  interface  electronics  is  about  $3. 
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This  appendix  lists  dozens  of  sources  for  electrical  and  mechanical  components 
suitable  for  your  gadgeteering  habit.  Many  mail-order  companies  specialize  in  a 
particular  type  of  product  or  services;  when  appropriate  these  are  noted  in  the  list¬ 
ings. 


Components,  parts,  and  systems 

A.C.  Interface,  Inc. 

17911  Sampson  Ln. 

Huntington  Beach,  CA  92647 
Representative  for  Stanley  high-output  LEDs. 

Advanced  Fiberoptics  Corp. 

7650  East  Evans  Rd.,  Ste.  B 
Scottsdale,  AZ  85260 
(602)  483-7576 

Edu-Kit  fiberoptic  kit,  fiberoptic  components,  and  systems. 

Alco  Electronics 
1830  N.  80th  PL 
Scottsdale,  AZ  85257 

Electronic  parts  and  boards — RF,  computer  parts,  semiconductors,  and 
unusual  parts. 
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All  Electronics  Corp. 

P.  0.  Box  567 
Van  Nuys,  CA  91408 
(800)  826-5432 
(818)  904-0524  (in  CA) 

Retail  and  surplus  components,  switches,  relays,  keyboards,  transformers, 
computer-grade  capacitors,  cassette  player/recorder  mechanisms,  etc. 

Mail  order  and  retail  stores  in  L.A.  area.  Regular  catalog. 

Allegro  Electronics  Systems 
3E  Mine  Mountain 
Cornwall  Bridge,  CT  06754 
(203)  672-0123 

Mail  order  Laser,  xenon  strobe,  and  high-voltage  equipment  and  plans. 
Catalog  available. 

Allied  Electronics 
401  E.  8th  St. 

Ft.  Worth,  TX  76102 
(800)  433-5700 

Electronic  parts  outlet;  catalog  and  regional  sales  offices.  Good  source  for 
hard  to  find  items. 

Allkit  Electronics 
434  W.  4th  St. 

West  Islip,  NY  11795 

Electronic  components,  grab  bags,  and  switches — all  at  attractive  prices. 

Alltronics 
15460  Union  Ave. 

San  Jose,  CA  95124 
(408)  371-3053 

Mail  order  and  store  in  San  Jose,  CA.  New  and  surplus  electronics. 

Alpha  Products 
7904-N  Jamaica  Ave. 

Woodhaven,  NY  11421 
(800)  221-0916  (orders) 

(203)  656-1806  (info) 

(718)  296-5916  (NY  orders) 

Mail  order.  Stepper  motors  and  stepper  motor  controllers  ( 'ICs  and 
complete  boards ),  process-control  devices. 

American  Design  Components 
62  Joseph  St. 

Moonachie,  NJ  07074 
(201)  939-2710 

New  and  surplus  electronics,  motors,  and  computer  gear 
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American  Science  &  Surplus 
607  Linden  PL 
Evanson,  IL  60202 
(312)  475-8440 

Regular  catalog  lists  hundreds  of  surplus  mechanical  and,  electronic 
gadgets  for  robots.  Good  source  for  motors,  rechargeable  batteries, 
switches,  solenoids,  lots  more.  Gadgeteer's  need  American  Science  & 
Surplus. 

Analytic  Methods 
1800  Bloomsbury  Ave. 

Ocean,  NJ  07712 
(201)  922-6663 

Mail  order.  Integrated  circuits,  LEDs,  surplus  parts,  computer  cables. 

Analytical  Scientific 
P.  O.  Box  675 
Helotes,  TX  78023 
(512)  684-7373 

Lab  supplies  and  equipment.  Offers  wide  selection  of  chemicals,  which 
can  be  purchased  by  both  educational  institutions  and  individuals. 

Anchor  Electronics 
2040  Walsh  Ave. 

Santa  Clara,  CA  95050 
(408)  727-3693 

Electronic  components.  Catalog  available. 

Antique  Electronics  Supply 
P  O.  Box  1810 
Tempe,  AZ  85281 
(602)  894-9503 

Mainly  a  good  source  for  old-time  radio  parts,  but  also  handy  for  the 
general  gadgeteer.  Offers  high-voltage  caps,  high-voltage  insulation, 
heavy-duty  potentiometers,  and  more. 

Barrett  Electronics 
5312  Buckner  Dr. 

Lewisville,  TX  75028 

Mail-order  electronic  surplus:  components,  power  supplies,  computer- 
grade  capacitors. 

BCD  Electro 
P.  O.  Box  830119 
Richardson,  TX  75083-0119 

Electronic  components  of  all  types.  Some  surplus,  including  laser  syste  ms. 
Very  good  prices.  Catalog  available. 
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BNF  Enterprises 
119  Foster  St. 

P.  0.  Box  3357 
Peabody,  MA  01961-3357 

Surplus  electronics,  including  flyback  transformers,  high-voltage  caps, 
and  lasers. 

Bigelow  Electronics 
P  0.  Box  125 
Bluffton,  OH  45817-0125 

New  and  surplus  electronics,  hardware,  and  amateur  radio  gear.  Catalog 
available. 

Bishop  Graphics 
5388  Sterling  Center  Dr. 

P.  O.  Box  5007EZ 
Westlake  Village,  CA  91359 
(818)  991-2600 

EZ  Circuit  PC-board  making  supplies. 

Burden’s  Surplus  Center 
1015  West  “O”  St. 

P.  O.  Box  82209 
Lincoln,  NE  68501-2209 
(800)  228-3407 

Surplus  and  new  mechanical  gear,  including  motors,  pneumatics,  and 
electrics. 

C  &  H  Sales 

2176  E.  Colorado  Blvd. 

Pasadena,  CA  91107 
(800)  325-9465 

Electronic  and  mechanical  surplus,  including  some  optics,  such  as 
prisms,  mirrors,  and  lenses.  Reasonable  prices  for  most  items;  regular 
catalog.  Their  walk-in  store  in  Pasadena  has  more  items  than  those  listed 
in  the  catalog  so  if  you're  in  the  area  be  sure  to  drop  in. 

Circuit  Specialists 
Box  3047 

Scottsdale,  AZ  85257 
(602)  966-0764 

New  electronic  goodies,  including  Sprague  Hall-effect  devices  and  motor 
control  chips  (stepper,  half-bridge,  full-bridge).  Also  full  complement  of 
standard  components  at  good  prices. 

Computer  Parts  Mart 
3200  Park  Blvd. 

Palo  Alto,  CA  94306 
(415)  493-5930 
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Mail-order  surplus.  Good  source  for  stepper  motors,  lasers,  power 
supplies,  and  incremental  shaft  encoders  (pulled  from  equipment). 
Regular  catalog. 

Computer  Surplus  Store 
715  Sycamore  Dr. 

Milpitas,  CA  95035 
(408)  434-0168 

Surplus  electronics.  Mostly  computers,  printers,  and  power  supplies,  but 
also  carries  components  and  sometimes  even  lasers.  It  has  a  walk-in  store 
in  Northern  California  and  limited  mail  order.  If  you  don't  see  what  you 
want  in  their  flyer,  contact  them  and  tell  them  your  needs. 

Datak  Corp. 

3117  Paterson  Plank  Rd. 

North  Bergen,  NJ  07047 
(201)  863-7667 

Supplies  for  making  your  own  PC  boards,  including  the  popular  direct- 
etch  dry  transfer  method. 

Digi-Key  Corp. 

701  Brooks  Ave.  S. 

P.  O.  Box  677 

Thief  River  Falls,  MN  56701-0677 
(800)  344-4539 

Mail  order.  Discount  components — everything  from  crystals  to  integrated 
circuits  to  resistors  and  capacitors  in  bulk.  Catalog  available. 

DoKay  Computer  Products 
2100  De  la  Cruz  Blvd. 

Santa  Clara,  CA  95050 
(408)  988-0697 
(800)  538-8800 
(800)  848-8008  (in  CA) 

Electronic  parts  (most  popular  linear,  TTL,  and  CMOS  devices)  and 
computer  gear  (including  computer  chips ).  Catalog  available. 

Dolan-Jenner  Industries,  Inc. 

P.  O.  Box  1020 
Woburn,  MAO  1801 
Fiberoptic  components. 

Edmund  Scientific  Co. 

101  E.  Gloucester  Pike 
Barrington,  NJ  08007-1380 
(609)  573-6250 

Mail  order.  New  and  surplus  motors,  gadgets,  and  other  goodies  for  laser 
building.  Includes  laser  tubes,  power  supplies,  complete  systems, 
holography  and  optics  kits,  lenses,  and  much  more.  Regular  catalog  (ask 
for  both  the  hobby  and  industrial  versions ). 
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Electronic  Goldmine 
P.  0.  Box  5408 
Scottsdale,  AZ  85261 
(602)  451-7454 

New  and  surplus  electronics  kits  and  parts.  Among  offerings  include 
simulated  laser  kit  (high  output  LED ),  piezo  discs,  EKI  kits,  and  wide 
assortment  of  resistors  and  capacitors. 

Erac  Co. 

8280  Clairemont  Mesa  Blvd.,  Ste.  117 
San  Diego,  CA  92111 
(619)  569-1864 

Mail  order  and  retail  store.  PC-compatible  boards  and  sub-systems, 
surplus  computer  boards,  computer  power  supplies  and  components. 

Fair  Radio  Sales 
1016  E.  Eureka  St. 

P.  O.  Box  1105 
Lima,  OH  45802 
(419)  223-2196 
(419)  227-6573 

And  old  and  established  retailer  of  surplus  goods  of  all  types,  particularly 
military  communications.  A  boon  to  the  amateur  radio  enthusiast  and 
gadgeteer.  Look  for  old  radiation  monitors,  high-voltage  capacitors, 
motors,  and  more. 

Fordham  Radio 
260  Motor  Pkwy. 

Hauppauge,  NY  11788 
(800)  645-9518 
(516)  435-8080  (in  NY) 

Electronic  test  equipment,  tools,  power  supplies.  Catalog  available. 

G.B.  Micro 
P.  O.  Box  280298 
Dallas,  TX  75228 
(214)  271-5546 

Mail  order.  Components,  3.12-MHz  crystal,  300-kHz  crystal,  UARTs.  Most 
popular  TTL,  CMOS,  and  linear  ICs,  construction  parts. 

General  Science  &  Engineering 
P.  O.  Box  447 
Rochester,  NY  14603 
(716)  338-7001 

Laser  components,  power  supplies,  laser  power  supply  kits,  optics,  high- 
output  Stanley  LED,  variable-rate  flash  kits,  long  range  communications 
link  kits,  surplus  goodies  of  all  types. 
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Giant  Electronics  Inc. 

19  Freeman  St. 

Newark,  NJ  07105 
(800)  645-9060 
(201)  344-5700 

New  and  surplus  electronics,  motors,  computer  peripherals,  and  more. 

Gil  Electronics 
P.  O.  Box  1628 
911  Hidden  Valley 
Soquel,  CA  95073 

Electronic  parts,  books,  new  and  surplus  computer  components. 

H&R  Corp. 

401  E.  Erie  Ave. 

Philadelphia,  PA  19134 
(215)  426-1708 

Surplus  mechanical  components.  Excellent  source  for  dc  motors, 
including  Big  Trak  dual  motor  for  Scooterbot.  Regular  catalog. 

Halted  Specialities  Co. 

3500  Ryder  St. 

Santa  Clara,  CA  95051 
(800)  4 -HALTED 
(408)  732-1854 

Mail-order  and  retail  stores  in  Northern  California.  New  and  surplus 
components,  PC-compatible  boards  and  subsystems,  power  supplies, 
lasers,  optics,  most  all  popular  ICs,  transistors,  etc. 

Haltek  Electronics 
1062  Linda  Vista  Ave. 

Mountain  View,  CA  94043 
(408)  744-1333 
(415)  969-0510 

Electronics  surplus  of  all  types.  Also  occasionally  handles  laser  goodies. 

Hal-Tronix  Inc. 

12671  Dix-Toledo  Highway 
P  O.  Box  1101 
Southgate,  MI  48195 
(313)  281-7773 

Mail  order.  Surplus  computers,  computer  components,  PC-compatible 
boards  and  subsystems. 

High  Voltage  Press 
P.  O.  Box  532 
Claremont,  CA  91711 

Books  on  Tesla  coil  design,  and  other  high-voltage  apparatus. 
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Hosfelt  Electronics,  Inc. 

2700  Sunset  Blvd. 

Steubenville,  OH  43952 
(800)  524-6464 

New  and  surplus  electronics  at  attractive  prices.  Catalog  available. 

Hubbard  Scientific 
P.  0.  Box  104 
Northbrook,  IL  60062 
(312)  272-7810 

Radiation  cloud  chamber  kits. 

Information  Unlimited 
Box  716 

Amherst,  NH  03031 
(603)  673-4730 

Plans  and  kits  for  lasers,  high  voltage  devices,  plasma  globes,  and  lots  of 
other  high-tech  gadgets.  Good  source  for  reasonably  priced  new  laser 
tubes.  All  kits  professionally  produced  with  excellent  step-by-step  plans. 

International  Medcom 
7497  Kennedy  Rd. 

Sebastapol,  CA  95472 
(800)  225-3825  (in  CA) 

(800)  257-3825 

Digital  radiation  monitor  (kit  or  ready -built). 

Jameco  Electronics 
1355  Shoreway  Rd. 

Belmont,  CA  94002 
(415)  592-8097 

Mail  order.  Components,  PC-compatible  boards  and  subsystems.  Regular 
catalog. 

JDR  Microdevices 
1224  S.  Bascom  Ave. 

San  Jose,  CA  95128 
(408)  995-5430 

Large  selection  of  new  components,  wire-wrap  supplies,  PC-compatible 
boards  and  subsystems.  Mail-order  and  retail  stores  in  San  Jose  area. 

J.  I.  Morris  Co. 

394  Elm  St. 

Southb ridge,  MA  01550 
(617)  764-4394 

Small  components  and  hardware;  miniature  screws,  taps,  and  nuts/bolts. 
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John  J.  Meshna,  Jr.  Co. 

P.  0.  Box  62 
E.  Lynn,  MA  01904 
(617)  595-2272 

New  and  surplus  merchandise,  including  radiation  monitors  and  Geiger- 
Muller  tubes.  Catalog  available. 

Lindsay  Publications,  Inc. 

P.  O.  Box  12 
Bradley,  IL  60915 
(815)  468-3668 

Numerous  hard-to-find  new  and  reprinted  books  of  interest  to  every 
gadgeteer.  You'll  especially  appreciate  the  books  on  old-time  Tesla  coil  and 
high  voltage  device  design.  Although  some  of  the  books  are  old  (many 
dating  back  to  the  beginning  of  the  century ),  and  the  plans  seriously 
outdated,  the  information  is  still  relevant.  Catalog  available.  Ask  for  the 
Technical  and  Electrical  catalogs. 

Martin  P.  Jones  &  Assoc. 

P.  O.  Box  12685 

Lake  Park,  FL  33403-0685 

(407)  848-8236 

All  sorts  of  goodies,  including  electronic  components,  ( transistors , 
capacitors,  resistors,  ICs,  etc.),  high  voltage  capacitors,  optical  stuff,  and 
more.  Catalog  available.  Metrologic  Instruments  Inc. 

Laser  Products  Division 
143  Harding  Ave. 

Bellmawr,  NJ  08031 
(609)  933-0100 

Lasers  and  supplies,  ideal  for  school.  Catalog  available. 

MCM  Electronics 
858  E.  Congress  Park  Dr. 

Centerville,  OH  45459-4072 
(513)  434-0031 

Test  equipment,  tools,  and  supplies.  Catalog  available. 

Meadowlake 
25  Blanchard  Dr. 

Northport,  NY  11768 

TEC-200  direct-transfer  film  for  making  quick  integrated  circuits  from 
artwork  in  magazines.  Try  this  stuff  out!  All  you  need  is  a  plain  paper 
copier  (or  access  to  one). 

Meredith  Instruments 
P.  O.  Box  1724 
Glendale,  AZ  85311 
(602)  934-9387 
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Laser  surplus,  including  tubes,  power  supply,  optics,  components,  m,ore. 
Stock  comes  and  goes  so  call  first  to  make  sure  they  have  what  you  want. 
Flyer  available;  very  good  prices  and  friendly  service. 

Merrell  Scientific 
1665  Buffalo  Rd. 

Rochester,  NY  14624 
(716)  426-1540 

Lab  equipment  and  supplies.  Offers  wide  assortment  of  chemicals,  but 
won't  sell  mail  order  to  individuals  (schools  only ). 

Micro  Mart,  Inc. 

508  Central  Ave. 

Westfield,  NJ  07090 
(201)  654-6008 

Electronic  components  ( ICs ;  transistors,  etc.).  Their  grab  bags  are  better 
than  average  and  prices  are  low. 

Mondo-Tronics  Inc. 

1014  Morse  Ave.,  Ste.  11 
Sunnyvale,  CA  94089 
(408)  734-9877 

BioMetal  wire,  terminators,  kits,  and  plans. 

Mouser  Electronics/Texas  Distribution  Center 
2401  Hwy.  287  N. 

North  Mansfield,  TX  76063 
(817)  483-4422 

Mouser  Electronics/California  Distribution  Center 
11433  Woodside  Ave. 

Santee,  CA  92071 
(619)  449-2222 

Mail  order.  Discount  electronic  components.  Catalog  available. 

MWK  Industries 

1440  State  College  Blvd.,  Bldg.  3B 
Anaheim,  CA  92806 
(800)  357-7714 
(714)  956-8497 

Lasers  tubes,  power  supplies,  optics,  and  more. 

OCTE  Electronics 
Box  276 

Alburg,  VT  05440 
(514)  739-9328 

New  and  surplus  electronic  stuff,  at  reasonable  prices.  OCTE  carries  a  lot 
of  complete  components,  such  as  cable  converters  and  power  supplies,  but 
individual  parts,  like  batteries  and  connectors,  usually  available.  Aimed 
primarily  at  the  surplus  dealer,  but  samples  of  merchandise  available  on 
a  one-piece  basis. 
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Precision  Electronics  Corp. 

605  Chestnut  St. 

Union,  NJ  07083 
(800)  255-8868 
(201)  686-4646  (in  NJ) 

Electronic  components — linear  ICs.  transistors,  hard-to-find  ICs  (mostly 
for  TV),  more. 

Radio  Shack 
One  Tandy  Center 
Fort  Worth,  TX  76102 

Nation’s  largest  electronics  retailer.  Many  popular  components,  though 
short  on  popular  ICs.  Good  source  for  general  electronic  needs,  including 
some  fiber  optic  components.  As  of  this  writing,  stocks  VCP200  speaker- 
independent  word  recognizer  chip.  Catalog  available  through  store. 

R  &  D  Electronics 
1202H  Pine  Island  Rd. 

Cape  Coral,  FL  33909 
(813)  772-1441 

Mail  order.  New  and  surplus  electronics;  components,  switches,  ICs. 

R  &  D  Electronic  Supply 
100  E.  Orangethorpe  Ave. 

Anaheim,  CA  92801 
(714)  773-0240 

Mail  order.  Power  supplies,  computer  equipment,  test  equipment. 

Sharon  Industries 
1919  Hartog  Rd. 

San  Jose,  CA  95131 
(408)  436-0455 

Mail  order  and  retail  store.  New  and  surplus  electronic  components,  ICs, 
computers,  PC-compatible  boards  and  subsystems. 

Silicon  Valley  Surplus 
4222  E.  12th 
Oakland,  CA  94601 
(415)  261-4506 

Surplus  electronic,  computer,  and  mechanical  goodies.  Mail  order  and 
retail  store. 

Small  Parts 
6891  NE  3rd  Ave. 

P  O.  Box  381966 
Miami,  FL  33238-1966 
(305)  751-0856 

A  potpourri  of  small  parts,  ideally  suited  for  miniature  mechanisms.  Not 
cheap,  but  good  quality. 
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Spectra  Laser  Systems 
P.  0.  Box  6928 

Huntington  Beach,  CA  92615 
Laser  light-show  consultation. 

Star-Tronics 
R  0.  Box  683 
McMinnville,  OR  97128 

Surplus  electronics  at  very  affordable  prices.  Stocks  wide  variety  of 
capacitors  ( including  high  voltage ),  TV  flyback  transformers,  and 
resistors. 

r 

Stock  Drive  Products 
55  S.  Denton  Ave. 

New  Hyde  Park 
New  York,  NY  11040 

Gears,  sprockets,  chains,  and  more.  Available  through  local  Stock  Drive 
distributor.  Catalog  and  engineering  guide  available. 

Synergetics 
Box  809 

Thatcher,  AZ  85552 
(602)  428-4073 

Columnist's  Don  Lancaster’s  company,  with  “hacker’s  help  line.  ” 
Lancaster  offers  free  technical  advice  (within  limits),  a  collection  of  his 
old  and  new  books  (his  TTL  and  CMOS  cookbooks  are  classics),  and 
several  “info  packs”  of  useful  programming,  graphics,  and  technical  stuff. 

Tesla  Book  Co. 

P  O.  Box  1649 
Greenville,  NC  75401 
(214)  454-6819 

Books  on  and  about  Nikola  Tesla.  Heavy  emphasis  on  Tesla  coils. 

Unicorn  Electronics 
10010  Canoga  Ave.,  Unit  B-8 
Chatsworth,  CA  91311 
(800)  824-3432 
(818)  341-8833 

All  popular  electronic  parts,  including  resistors,  capacitors,  ICs,  and 
components.  Some  surplus.  All  at  good  prices. 

United  Products,  Inc. 

1123  Valley 
Seattle,  WA  98109 
(206)  682-5025 

Mail  order.  Motors,  computer  components,  test  equipment. 
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Windsor  Distributors 
19  Freeman  St. 

Newark,  NJ  07105 
(800)  645-9060 
(201)  344-5700 

Mail  order.  Surplus  electronics. 

Other  important  addresses 

American  National  Standards  Institute  (ANSI) 

1430  Broadway 
New  York,  NY  10018 

Sets  and  maintains  standards;  useful  data  on  laser  practices  and 
specifications. 

Laser  Institute  of  America 
5151  Monroe  St. 

Toledo,  OH  43623 
(419)  882-8706 

Provides  publications  of  interest  to  users,  manufacturers,  and  sellers  of 
lasers.  Several  good  publications  include  Laser  Safety  Guide,  Laser  Safety 
Reference  Book,  and  Fundamentals  of  Lasers.  Ask  for  a  current  price  list 
and  availability  of  titles. 

Center  for  Devices  and  Radiological  Health  (CDRH)  (formerly  Bureau  of 
Radiological  Health) 

Optical  Radiation  Products  Section 
HF2-312 

8757  Georgia  Ave. 

Silver  Springs,  MD  20910 
(301)  427-8228 

A  department  of  the  Food  and  Drug  Administration  (FDA )  that  regulates 
the  commercial  manufacturer  and  use  of  lasers.  If  you  manufacture,  sell, 
or  demonstrate  laser  systems,  you  must  comply  to  minimum  standards. 
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APPENDIX 

Fu  rther  reading 

Here  is  a  selected  fist  of  magazines  and  books  that  can  enrich  your  understanding 
and  enjoyment  of  all  facets  of  lasers  and  laser  applications. 


Magazines 

Computer  Shopper 
One  Park  Ave. 

New  York,  NY  10016 

Monthly  magazine  ( some  call  it  a  bible)  for  computer  enthusiasts. 
Probably  containing  more  ads  than  articles,  Computer  Shopper  carries 
updated  listings  of  swap  meets  and  bulletin  boards  as  well  as  classified 
advertising  from  small  surplus  dealers. 

Electronics  Now 
Popular  Electronics 
500  Bi-County  Blvd. 

Farmingdale,  NY  11735 

Monthly  magazines.  The  articles  and  construction  projects  are  aimed 
at  beginning  electronics  enthusiasts.  Feiv  articles  are  specifically  on 
lasers,  but  some  of  the  circuits  can  be  adapted  for  laser  projects. 

Nuts  &  Volts 
430  Princeland  Ct. 

Corona,  CA  91719 

Monthly  magazine  that  contains  plenty  of  advertising — both  display 
ads  and  classifieds.  Often  carries  ads  for  new  and  used  laser  equipment 
and  lists  upcoming  swap  meets  (both  computer  and  electronic). 
Subscription  price  is  fairly  low. 
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QST 

225  Main  St. 

Newington,  CT  06111 

Monthly  magazine  aimed  at  the  amateur  radio  enthusiast,  but 
sometimes  carries  articles  of  interest  to  the  laser  experimenter  Look  for 
stories  on  the  electromagnetic  spectrum,  fiberoptics,  project  construction, 
remote  control,  etc. 

Books 

How  to  Read  Electronic  Circuit  Diagrams — 2nd  Edition;  Brown,  Lawrence, 
and  Whitson,  TAB  Books,  #2880. 

How  to  read  and  interpret  schematic  diagrams. 

Build  Your  Own  Laser,  Phaser,  Ion  Ray  Gun,  &  Other  Working  Space-Age 
Projects;  Robert  E.  Iannini,  TAB  Books,  #1604. 

A  guide  to  making  high-tech  gadgets,  with  some  insight  and  designs 
for  laser-based  projects.  Iannini,  who  runs  a  mail-order  firm,  presents  six 
laser  projects,  plus  a  few  others  (such  as  infrared  light  detection)  that  can 
be  used  with  laser  systems.  A  companion  book,  Build  Your  Own  Working 
Fiberoptic  and  Laser  Space-Age  Projects  (Catalog  #2724 )  offers  more  laser- 
based  designs. 

Circuit  Scrapbook;  Forrest  Mims  III,  McGraw-Hill. 

More  of  Mims'  Popular  Electronics  columns — these  from  1979  to  1981. 
Several  good  circuits  and  designs  that  can  be  adapted  for  laser  work.  Also 
check  out  the  sequel,  Circuit  Scrapbook  II  (Howard  W.  Sams  Co.).  This 
volume  includes  several  chapters  on  experimenting  with  solid  state  laser 
diodes.  Be  sure  to  read  the  sections  on  laser  diode  handling  precautions. 

CMOS  Cookbook;  Don  Lancaster,  Howard  W.  Sams  Co. 

A  classic  in  its  own  time,  the  CMOS  Cookbook  presents  useful  design 
theory  and  practical  circuits  for  many  popular  CMOS  chips.  The 
companion  book,  TTL  Cookbook,  is  equally  helpful. 

Computer  Peripherals  That  You  Can  Build;  Gordon  W.  Wolfe,  TAB  Books, 
#2749. 

Step-by-step  instructions  for  building  a  variety  of  functional  computer 
peripherals. 

Elementary  Plane  Surveying;  Davis  &  Kelly,  McGraw-Hill. 

Overview  of  plane  surveying,  including  tools  of  the  trade,  taking 
measurements,  and  doing  the  calculations.  No  specific  information  on 
using  laser-based  surveying  equipment,  but  the  information  presented 
can  be  used  as  a  surveying  primer 
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Engineer's  Mini-Notebook;  Forrest  Mims  III,  Radio  Shack  book  series. 

The  Engineer’s  Mini-Notebooks  is  a  series  of  small  books  written  by 
Forrest  Mims  that  cover  a  wide  variety  of  hobby  electronics:  using  the 
NE555  timer  to  optoelectronics  circuits  to  op-amp  circuits,  and  more.  The 
entire  set  is  a  must-have,  and  besides,  they're  cheap. 

44  Power  Supplies  for  Your  Electronic  Projects;  Traister  and  Mayo, 

TAB  Books,  #2922. 

Forty-four  complete  power  supplies  designed  for  general  electronics 
projects. 

Fundamentals  of  Optics;  Jenkins  and  White,  McGraw-Hill. 

An  in-depth  and  scholarly  look  at  optics.  Broken  down  into  logical 
subjects  of  geometrical,  wave,  and  quantum  optics. 

Guide  to  Practical  Holography;  Outwater  and  Hamersueld,  Pentangle  Press. 
A  good,  easy -to-under stand  manual  on  hologram-making. 

Hologram  Book,  The;  Joseph  E.  Kasper  and  Steven  A.  Feller,  Prentice-Hall. 

Introduction  to  lasers  and  laser  light  and  detailed  instructions  for 
making  holograms. 

Holography  Handbook;  Unterseher,  Hansen,  and  Schlesinger,  Ross  Books. 

Perhaps  the  best  book  on  amateur  holography.  It  even  comes  with  a 
white-light  inflective  rainbow  hologram.  Although  the  artwork  is  too 
‘folksy"  for  my  taste,  the  designs  are  technically  sound.  If  you  are 
interested  in  holography,  you  need  this  book. 

How  to  Troubleshoot  &  Repair  Electronic  Circuits;  Robert  L.  Goodman, 

TAB  Books,  #1218. 

General  troubleshooters  guide,  both  analog  and  digital 

IBM  PC  Connection;  James  W.  Coffron,  Sybex  Books. 

A  good  beginner's  guide  on  connecting  the  IBM  PC  (or  compatible)  to 
the  outside  world.  Information  on  circuit-building,  programming,  and 
troubleshooting. 

Introduction  to  Lasers  and  Masers;  A.  E.  Siegman,  McGraw-Hill. 

Although  a  little  old  (copyright  1971 ),  this  book  provides  good  details 
of  the  inner  works  of  all  major  types  of  lasers,  including  crystal,  glass, 
gas,  and  semiconductor 

Lasers :  The  Light  Fantastic,  Second  Edition;  Hallmark  and  Horn, 

TAB  Books,  #2905. 

A  good  introduction  to  the  mechanics  and  applications  of  lasers. 
Interesting  chapters  on  laser  gyroscopes,  quantum  mechanics,  and  lasers 
in  space. 

Laser  and  Light;  W.  H.  Freeman. 

Material  drawn  from  back  issues  of  Scientific  American  on  laser 
principles. 
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Magic  of  Holography ;  Philip  Heckman,  Atheneum. 

A  concise  and  easy -to-under stand  explanation  of  holography  and  its 
applications.  Although  the  book  lacks  specific  information  on  how  to  make 
your  own  holograms,  there  are  plenty  of  setup  illustrations  you  can  use  as 
blueprints. 

Masers  and  Lasers;  H.  Arthur  Klein,  J.B.  Lippincott  Company. 

Although  dated  (copyright  1963),  this  book  provides  some  interesting 
aspects  about  lasers  not  found  in  other  books  and  gives  an  easy-to- 
understand  overview  of  lasers,  electromagnetic  spectrum,  and  early 
pioneering  work  in  light  physics. 

Optical  Holography;  Robert  L.  Collier,  Academic  Press. 

A  technical  and  engaging  text  on  optical  (as  opposed  to  acoustic) 
holography.  A  little  old  (the  original  copyright  is  1971 ),  but  most  of  the 
information  is  still  valid. 

Optics;  N.  V.  Klein,  John  Wiley  &  Sons. 

A  highly  technical  text  about  optics  with  lots  of  formulas  and  math  on 
optics  design. 

Principles  &  Practice  of  Laser  Technology;  Hrand  M.  Muncheryan, 

TAB  Books,  #1529. 

An  introduction  to  lasers  and  laser  applications.  Heavy  on  the 
industrial  side  of  laser  use. 

Principles  of  Holography;  Howard  M.  Smith,  John  Wiley  &  Sons. 

A  technical  overview  of  holography,  covering  its  history,  application, 
and  setup,  written  by  a  research  associate  at  Kodak.  Good  source  for 
application  formulas  and  information  on  holographic  emulsions. 

Robot  Builder’s  Bonanza;  Gordon  McComb,  TAB  Books,  #2800. 

My  earlier  book  on  a  compendium  of  projects  useful  to  the  robot 
experimenter.  Some  of  the  information,  such  as  dc  motor  operation  and 
remote  control,  can  be  suitably  adapted  to  laser  work. 

Siliconnection:  Coming  of  Age  In  the  Electronic  Era;  Forrest  M.  Mims  III, 
McGraw-Hill. 

A  history  and  personal  autobiography  of  the  electronics  revolution. 
Mims,  a  writer  and  inventor,  contributed  to  the  development  of  the  first 
personal  computer  and  was  employed  at  the  Air  Force  Weapons 
Laboratory  in  New  Mexico  where  he  worked  with  early  solid-state  laser 
diodes.  This  book  includes  the  interesting  story  of  how  the  National 
Enquirer  offered  to  pay  Mims  to  build l  a  lightbeam  listening  device  using  a 
laser  and  phototransistor  receiver  to  tap  into  the  private  conversations  of 
the  late  Howard  Hughes. 

Understanding  Digital  Electronics;  R.  H.  Warring,  TAB  Books,  #1593. 
Introduction  to  the  principles  of  digital  theory. 
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aberration  A  defect  in  an  optical  component  that  can  degrade  the  purity  of  the 
light  passing  through  it. 

absolute  zero  The  lowest  “possible”  temperature,  equal  to  minus  273.16°  C 
(-459.69°  F). 

ac  Alternating  current.  Current  that  fluctuates  to  positive  and  negative  values 
about  a  zero  point.  The  current  available  at  wall  outlets. 

access  time  The  time  required  to  get  a  piece  of  information  from  a  memory  chip 
or  disk  drive. 

address  A  number  that  indicates  the  location  of  a  piece  of  information  in  com¬ 
puter  memory. 

amplitude  The  relative  strength  (usually  voltage)  of  an  analog  signal.  Amplitude 
can  be  expressed  as  either  a  negative  or  positive  number  referenced  to  a  partic¬ 
ular  standard. 

analog  A  continuous  electrical  signal  representing  a  condition  (such  as  tempera¬ 
ture  or  the  position  of  game  control  paddles).  Unlike  a  digital  signal  that  is  dis¬ 
crete  and  has  only  two  levels,  an  analog  signal  can  have  an  infinite  number  of 
levels. 

analog-to-digital  converter  (ADC)  An  electrical  circuit  (usually  one  integrated 
circuit)  that  transforms  analog  signals  to  their  digital  equivalents.  A  digital-to- 
analog  converter  performs  the  reverse  function. 

angstrom  A  unit  of  measurement  used  to  describe  wavelength  or  size;  equals  100 
billionths  of  a  meter  (10~10  meter). 

anode  The  positive  terminal  of  a  laser,  light-emitting  diode,  laser  diode,  or  other 
electronic  component.  See  also  cathode. 

antihalation  backing  A  semi-opaque  material  or  coating  applied  to  the  back  side 
of  photographic  film  that  prevents  the  spreading  (halo)  of  light  during  exposure. 

ASCII  Acronym  for  American  Standard  Code  for  Information  Interchange.  Used 
by  all  personal  computers. 

assembler  A  program  that  converts  the  computer’s  memory  into  binary  code  for 
execution.  Acts  as  a  compiler  for  assembly  language. 
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assembly  language  Machine  language  codes  translated  into  mnemonic  codes 
that  are  easier  for  programmers  to  remember, 
attenuation  The  restriction  or  loss  of  electrical  or  optical  power  through  a 
medium  or  circuit.  Optical  attenuation  occurs  when  light  passes  through  a 
length  of  optical  fiber. 

axial  ray  A  ray  of  light  that  travels  along  the  optical  axis. 

bandwidth  A  continuous  range  of  frequencies  or  wavelengths,  defined  by  an  up¬ 
per  and  lower  limit. 

BASIC  Acronym  for  Beginner’s  All-purpose  Symbolic  Instruction  Code.  Program¬ 
ming  language  for  computers  developed  as  a  simplified  form  of  FORTRAN. 
BASIC  is  not  standard  and  can  vary  from  computer  to  computer.  The  BASIC  di¬ 
alect  for  IBM  PC  and  compatible  computers  is  Microsoft’s  GW-BASIC;  the  dialect 
for  the  Commodore  64  is  a  specialized  Commodore  BASIC, 
baud  A  measure  of  the  rate  at  which  digital  data  is  transmitted,  in  bits  per  second, 
band-pass  filter  A  filter  that  blocks  both  high  and  low  frequencies  but  passes  a 
middle  band.  Can  pertain  to  both  electrical  signals  or  light.  See  also  low-pass  fil¬ 
ter  and  high-pass  filter. 

beam  A  collection  of  rays  (light  waves)  moving  in  one  direction, 
beam  splitter  An  optical  component  that  divides  a  beam  two  or  more  different 
ways.  Beam  splitters  are  rated  by  the  ratio  of  light  they  reflect  and  transmit.  For 
example  a  50:50  beam  splitter  splits  a  beam  equally  in  two  directions  (usually  by 
reflection  and  transmission). 

beamwidth  The  linear  width  of  the  beam,  usually  specified  as  the  region  over 
which  the  beam  intensity  falls  within  predetermined  limits, 
binary  A  numbering  system  with  just  two  digits:  1  and  0.  Computers  group  these 
Is  and  Os  together  to  create  more  complex  forms  of  data, 
birefringence  The  property  of  splitting  a  beam  of  light  in  two  directions  due  to 
double  refraction. 

bit  Acronym  for  binary  dig  it.  Represents  either  of  two  binary  states — 1  or  0.  Bits 
are  usually  grouped  in  sets  of  eight  (called  a  byte)  for  easier  manipulation, 
blackbody  A  substance  or  medium  that  absorbs  light  and  thermal  energy  com¬ 
pletely.  The  blackbody  is  a  technical  impossibility,  but  it  is  often  used  as  an  ideal 
model  for  light  and  temperature  studies. 

bleeder  resistor  A  resistor  placed  across  the  output  of  a  power  supply  to  drain 
the  current  from  the  filtering  capacitors  when  power  is  removed, 
boot  A  program  on  disk,  tape,  or  in  a  permanent  portion  of  the  computer’s  mem¬ 
ory  (ROM),  used  to  start  the  computer  and  get  it  ready  for  applications  or  pro¬ 
gramming  software. 

Brewster’s  Angle  The  angle  at  which  a  transparent  material,  such  as  glass  or 
quartz,  is  placed  with  respect  to  the  normal  of  incident  light  so  that  both  re¬ 
fracted  and  reflected  rays  are  perpendicular.  Brewster’s  Angle  windows  placed 
in  gas  lasers  cause  the  light  output  to  be  polarized  in  one  plane, 
bus  A  set  of  electrical  contacts  that  carry  a  variety  of  computer  or  analog  signals, 
byte  A  group  of  bits,  usually  eight,  universally  used  to  represent  a  character. 
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candle  A  unit  of  luminous  intensity.  Specifically,  one  candle  is  equal  to  l/60th  of 
one  square  centimeter  of  projected  area  of  a  blackbody  radiator  operating  at  the 
temperate  of  solidification  of  platinum, 
carrier  A  radio  frequency  signal  superimposed  over  another  signal, 
carrier  frequency  The  frequency  of  the  carrier  signal. 

cathode  The  negative  terminal  of  a  laser,  light-emitting  diode,  laser  diode,  or 
other  electronic  component. 

CCD  Short  for  charge-coupled  device,  a  type  of  integrated  circuit,  that  is  sensitive 
to  light  and  used  as  an  imaging  device. 

chip  An  integrated  circuit,  such  as  that  used  for  computer  memory  or  the  micro¬ 
processor. 

chopper  A  device  or  electronic  circuit  that  provides  a  pulsating  or  on/off  charac¬ 
teristic  to  a  beam  of  light  or  electric  current.  A  mechanical  chopper  is  an  incre¬ 
mental  shaft  encoder,  where  the  light  from  an  LED  or  laser  to  a  photodiode  is 
intermittently  blocked  by  slits  in  a  wheel. 

chromatic  aberration  A  type  of  lens  distortion  where  colors  are  focused  at  dif¬ 
ferent  points  because  of  refraction, 
clad  A  refractive  coating  over  the  interior  core  of  an  optical  fiber, 
clock  An  electronic  metronome  used  for  the  purpose  of  timing  signals  in  a  circuit. 
The  clock  times  out  signals  so  that  they  occur  at  a  steady,  predictable  rate  and 
maintain  the  proper  sequence  of  events, 
coherence  The  property  of  identical  phase  and  time  relationships, 
coherence  length  The  greatest  distance  that  the  beam  from  a  laser  will  remain 
temporally  coherent.  Coherency  is  often  related  as  a  percentage  of  deviation, 
not  an  absolute;  therefore,  the  coherence  length  is  subject  to  the  acceptable 
range  of  coherency  for  a  given  application, 
coherent  radiation  Electromagnetic  radiation  where  the  waves  are  in  phase  in 
both  time  and  space  (temporal  coherence  and  spatial  coherence);  as  opposed  to 
non-coherent  radiation,  whose  waves  are  out  of  phase  in  space  and/or  time, 
collimate  To  make  parallel. 

collimator  An  optical  component  that  forces  a  diverging  or  converging  light 
beam,  as  from  a  laser,  to  travel  in  parallel  lines.  The  collimator  lens  (sometimes 
a  mirror)  is  placed  at  its  focal  distance  from  the  light  source, 
common  The  ground  point  of  a  circuit,  or  a  common  path  for  an  electrical  signal, 
compiler  A  program  that  converts  high-level  language  (like  BASIC)  into  the  bi¬ 
nary  code  required  by  the  computer.  Compiler  instructions  are  known  as  object 
code.  The  original  high-level  language  program  is  known  as  the  source  code. 
concave  lens  A  type  with  at  least  one  surface  that  curves  inward.  Concave  lenses 
include  plano-concave  and  double-concave.  A  concave  lens  diverges  parallel 
light  rays  to  a  virtual  (not  real)  focal  point, 
conductivity  The  measure  of  the  ability  of  a  material  to  carry  an  electric  current, 
expressed  as  ohms  or  ohms  per  meter. 

constructive  waves  Waves  reaching  an  area  in  the  same  phase.  Because  each 
wave  is  in  phase  with  the  others,  the  waves  act  to  constructively  add  to  one  an¬ 
other,  thereby  increasing  amplitude.  See  also  destructive  waves. 
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continuous  wave  A  type  of  laser  whose  output  is  continuous,  as  opposed  to 
pulsed;  an  uninterrupted  beam  of  laser  light, 
convergence  The  bending  of  light  by  a  lens  or  mirror  to  a  common  point, 
converging  lens  Generally,  a  lens  that  is  thicker  in  the  middle  than  the  edges, 
convex  A  type  of  lens  with  at  least  one  surface  that  curves  outward.  Convex 
lenses  include  plano-convex  and  double-convex.  A  convex  lens  converges  paral¬ 
lel  light  rays  to  a  common  real  focal  point, 
corona  The  blue  glow  surrounding  a  conductor  when  high  voltages  are  present. 
The  corona  is  caused  by  the  ionization  of  the  surrounding  air  and  is  usually  ac¬ 
companied  by  a  crackling  or  “spitting”  noise, 
coupling  loss  The  loss  of  light  output  at  the  mechanical  connections  of  fiberop- 
tics. 

CPU  Acronym  for  central  processing  unit.  The  part  of  the  computer  responsible 
for  processing,  storing,  and  retrieving  data.  The  microprocessor  is  often  re¬ 
ferred  to  as  the  CPU ,  but  the  term  CPU  can  also  encompass  the  computer 
proper  minus  the  keyboard,  disk  drives,  monitor,  and  so  forth, 
critical  angle  The  maximum  angle  of  incidence  for  which  a  beam  of  light  will  be 
transmitted  from  one  medium  (such  as  air)  to  another  medium  (such  as  an  op¬ 
tical  fiber  or  prism) . 

cylindrical  lens  A  lens  that  expands  or  reduces  an  image  in  one  axis  only, 
dc  Direct  current.  Current  such  as  that  from  a  battery  where  the  voltage  level  re¬ 
mains  the  same  (either  positive  or  negative)  with  respect  to  ground, 
decibel  (dB)  A  unit  of  electrical  measurement  used  extensively  in  audio  applica¬ 
tions.  An  increase  of  3  dB  is  a  doubling  of  electrical  (or  signal)  strength;  an  in¬ 
crease  of  10  dB  is  a  doubling  of  perceived  loudness, 
default  In  computer  applications,  the  normal. 

demodulate  The  separation  of  the  message  signal  from  a  carrier  wave, 
destructive  waves  Waves  reaching  an  area  that  are  not  in  the  same  phase.  Be¬ 
cause  the  waves  are  out  of  phase,  they  act  to  partially  or  completely  cancel  each 
other  out,  thereby  diminishing  amplitude.  See  also  constructive  waves. 
dichroic  filter  An  optical  filter  using  organic  or  chemical  dyes  that  transmits  light 
at  selected  wavelengths,  but  blocks  others, 
diffraction  A  change  in  the  direction  of  a  beam  of  light  when  encountering  an 
edge  or  opening  of  an  object.  For  example,  diffraction  takes  place  when  passing 
through  a  small  aperture. 

diffraction  grating  An  optical  component  that  splits  a  light  beam  into  many  dis¬ 
crete  parts. 

digital  Information  expressed  in  binary — ON  and  OFF — form.  The  OFF  state  is  usu¬ 
ally  indicated  as  a  numeral  0;  the  ON  state  is  usually  indicated  as  a  numeral  1 . 
Many  Os  and  Is  can  be  grouped  together  to  represent  any  other  number  or  value, 
digital- to-analog  converter  (DAC)  An  electrical  circuit  (usually  one  integrated 
circuit)  that  transforms  digital  signals  to  their  analog  equivalents.  An  analog-to- 
digital  converter  performs  the  reverse  function, 
diode  laser  A  solid-state  injection  laser,  similar  to  a  light-emitting  diode  (LED), 
dispersion  Usually  applies  to  the  separation  of  polychromatic  light  into  individual 
monochromatic  frequencies.  A  prism  is  often  used  to  disperse  white  light  into 
the  visible  spectrum. 
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divergence  The  bending  of  light  rays  away  from  each  other;  the  spreading  of  light, 
diverger  An  optical  component  that  spreads  light  rays. 

diverging  lens  Generally,  a  lens  that  is  thinner  in  the  middle  than  at  the  edges, 
double-concave  A  type  of  negative  lens  where  both  faces  curve  inward.  Also 
called  a  bi-concave  lens. 

duty  cycle  In  electronics,  the  ratio  of  the  ON  and  OFF  states  of  a  circuit.  The  higher 
the  duty  cycle  (approaching  100  percent),  the  longer  the  circuit  remains  in  the 
ON  state. 

electroluminescence  In  a  semiconductor,  the  direct  conversion  of  current  into 
light. 

electromagnetic  waves  Transverse  (up  and  down)  waves  having  both  an  electric 
and  magnetic  component.  Each  component  is  perpendicular  to  one  another,  and 
both  are  perpendicular  to  the  direction  of  propagation, 
electro-optic  effect  The  general  change  in  the  refractive  index  of  a  material 
when  that  material  is  subjected  to  an  electric  field.  Also  referred  to  as  Pockets 
and  Kerr  effects.  Similar  to  acousto-optic  and  magneto-optic  effects,  where  an 
acoustic  or  magnetic  pulse  changes  a  material’s  refractive  index, 
emulsion  In  photography,  a  chemical  coating,  usually  on  clear  acetate  or  glass, 
that  is  sensitive  to  light. 

etalon  An  extremely  flat  optical  component  with  parallel  surfaces  engineered  to 
increase  the  coherence  length  of  a  laser  by  eliminating  modes  that  are  slightly 
out  of  phase. 

excited  state  The  state  of  an  atom  that  occurs  when  outside  energy,  such  as  from 
an  electric  field,  causes  the  atom  to  contain  more  energy  than  normal, 
f/number  A  number  that  expresses  the  relative  light-gathering  power  of  a  lens. 
The  f/number  is  calculated  by  dividing  the  diameter  of  the  lens  by  the  focal 
length  of  the  lens. 

fiberoptic  A  solid  glass  or  plastic  “tube”  that  conducts  light  along  its  length, 
fiber  bundle  Many  individual  strands  of  optical  fibers  grouped  together.  The  bun¬ 
dle  can  be  coherent  or  non-coherent,  depending  on  its  ability  to  transmit  an 
undistorted  optical  image  through  the  fibers, 
filter  1.  An  electrical  circuit  designed  to  prevent  the  passage  of  certain  frequen¬ 
cies.  2.  An  optical  component  designed  to  block  the  passage  of  light  at  certain 
frequencies. 

focus  coil  An  electromechanical  coil,  often  used  in  compact  disc  and  video  disc 
players,  that  moves  an  objective  lens  up  and  down  for  proper  focus.  Surplus  coils 
can  often  be  used  in  laser  experiments. 

focal  length  The  distance  from  the  center  of  a  lens  or  curved  mirror  to  the  point 
where  light  converges  to  a  point.  Lenses  with  a  positive  focal  point  cause  the 
light  rays  to  form  at  a  specific  point;  lenses  with  a  negative  focal  point  only  ap¬ 
pear  to  focus  at  an  imaginary  point. 

focal  point  That  point  in  space  where  rays  converge  to  a  common  point  (positive 
lens  system)  or  from  which  they  appear  to  diverge  (negative  lens  system), 
foot-candle  A  unit  of  illumination.  One  foot-candle  is  defined  as  the  amount  of 
light  that  falls  on  an  area  of  one  square  foot  on  which  there  is  uniform  distribu¬ 
tion  of  one  lumen. 
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foot-lambert  A  unit  of  brightness  or  luminance.  One  foot-lambert  is  defined  as 
the  uniform  distribution  of  a  surface  emitting  or  reflecting  light  at  the  rate  of  one 
lumen  per  square  foot. 

Foucault  focusing  A  system  of  focusing  whereby  the  separation  of  two  beams  of 
light  changes  according  to  variances  in  the  distance  of  the  focal  point, 
frequency  The  repetition  rate  of  an  electromagnetic  wave,  whether  it  be  light  or 
an  electric  signal. 

fringe  An  individual  interference  band,  created  by  one  cycle  of  waves  out  of  phase 
(constructive  and  destructive  waves). 

front-surface  mirror  Also  called  a. first-surface  mirror.  A  mirror  where  the  re¬ 
flective  coating  is  on  the  front  side  of  the  glass.  Light  rays  do  not  pass  through 
the  glass  medium  before  striking  the  reflective  layer,  thereby  eliminating  the 
ghost  image  that  otherwise  appears. 

Gabor  zone  plate  Usually  a  photographic  film  made  from  the  pattern  formed  by 
a  plane  wave  interfering  with  a  spherical  wave.  One  of  many  types  of  holograms, 
gain  Amplification,  usually  expressed  in  dB. 

getter  A  supplemental  component  placed  in  tubes  (including  gas  laser  tubes)  that 
vaporizes  any  remaining  air  and  gas  or  that  scrubs  out  impurities  after  the  tube 
is  sealed. 

graded  index  The  design  of  an  optical  fiber  where  the  density  (and  therefore  re¬ 
fractive  index)  of  the  cladding  is  graded  through  its  width.  Graded  indexing  is 
the  opposite  of  step  indexing  and  is  said  to  improve  the  light-passing  capacity  of 
the  fiber. 

ground  Refers  to  the  point  of  (usually)  zero  voltage,  and  can  apply  to  a  power  cir¬ 
cuit  or  a  signal  circuit. 

ground  state  (or  level)  The  normal  unexcited  state  of  an  atom, 
half  wavelength  One  half  of  a  wavelength  of  light;  the  distance  between  the  crest 
and  trough  of  a  single  wave  of  light. 

hertz  Abbreviated  Hz.  A  unit  of  measurement  used  for  expressing  frequency  or 
cycles  per  second,  named  after  German  physicist  H.R.  Hertz.  One  hertz  is  equal 
to  one  cycle  per  second.  Also  commonly  used  with  the  letters  “k,”  “M,”  and  “G” 
to  indicate  thousands,  millions,  and  billions,  respectively. 

He-Ne  Shorthand  for  helium-neon  laser. 

hexadecimal  A  counting  system  based  on  16  numerals.  In  computers,  hexadecimal 
counting  (or  “hex”  for  short)  uses  the  numerals  0  through  9,  plus  A  through  F. 
high-pass  filter  A  filter  that  passes  only  high  frequencies.  Can  pertain  to  both 
electrical  signals  or  light.  See  also  low-pass  filter  and  band-pass  filter. 
holography  A  form  of  photography  that  uses  sound  or  light  waves  to  record  a 
three-dimensional  image  of  an  object.  Holography  records  the  instantaneous  in¬ 
tensity  arid  phase  of  reflected  and/or  transmitted  waves  onto  photographic  film. 
IC  integrated  circuit.  Also  called  a  chip.  A  complete  electrical  circuit  housed  in  a 
self-contained  package.  See  also  LSI. 

illumination  Light  falling  onto  a  defined  area;  the  photometric  counterpart  to  ir- 
radiance.  Illumination  is  commonly  expressed  in  foot-candles, 
impedance  The  degree  of  resistance  that  an  alternating  current  will  encounter 
when  passing  through  a  circuit,  device,  or  wire.  Impedance  is  expressed  in  ohms. 
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incandescence  Typically,  the  creation  of  light  by  passing  an  electric  current 
through  a  wire  filament. 

incoherent  Lacking  the  property  of  coherency. 

index  of  refraction  A  relative  or  absolute  ratio  of  the  velocity  of  a  specific  wave¬ 
length  of  light  within  a  particular  medium  and  that  of  air  or  vacuum, 
infrared  (IR)  The  portion  of  the  electromagnetic  spectrum  between  about  7800 
angstroms  (780  nanometers)  to  about  1,000,000  angstroms  (100,000  nanome¬ 
ters  or  1  mm) .  The  infrared  band  is  between  the  visible  light  spectrum  and  mi¬ 
crowave  spectrum.  Infrared  (or  IR)  illumination  beyond  about  880  nm  is  largely 
invisible  to  the  human  eye. 
injection  laser  Synonymous  with  diode  laser. 

I/O  Short  for  input/output.  Refers  to  the  paths  by  which  information  enters  a  sys¬ 
tem  (input)  and  leaves  the  system  (output) . 
interference  1.  An  unwanted  signal  combining  with  a  desired  signal.  2.  Light 
waves  out  of  phase  mixing  and  causing  banding  or  fringing.  The  superimposing 
of  one  light  wave  on  the  other,  causing  the  loss  of  light  energy  at  some  points  and 
the  reinforcement  of  light  energy  at  others, 
interferometer  An  apparatus  designed  to  mix  two  beams  of  coherent  light  (usu¬ 
ally  from  a  laser)  to  study  the  interference  patterns  that  result.  Interferometry 
is  the  study  of  the  effects  of  interference  fringes, 
irradiance  The  amount  of  light  radiating  on  a  defined  area;  the  radiometric  coun¬ 
terpart  of  illumination.  Irradiance  is  usually  expressed  in  watts  per  square  cen¬ 
timeter  (watts/cm2). 

kilobyte  Term  used  to  denote  “1000”  bytes,  or  IK  (precisely,  1024  bytes), 
kilohertz  A  unit  of  electrical  frequency  equal  to  one  thousand  cycles  per  second, 
abbreviated  kHz. 

laser  A  mechanical  device  that  produces  intense,  coherent  radiation  (mostly  in 
the  visible  light  and  infrared  regions).  Laser  is  an  acronym  for  light  amplification 
by  stimulated  emission  of  radiation, 
lasing  The  process  of  producing  laser  light. 

LED  Short  for  Lght  emitting  hiode,  a  unique  type  of  semiconductor  that  is  made  to 
emit  a  bright  beam  of  light.  Often  used  as  a  panel  indicator,  but  is  also  employed 
in  remote-sensing  systems  and  infrared  remote-control  devices, 
lens  An  optical  device  used  to  refract  (bend)  light  waves  in  a  specific  direction  and 
amount. 

lightguide  An  optical  fiber. 

logic  Primarily  used  to  indicate  digital  circuits  or  components  that  accept  one  or 
more  signals  and  act  on  those  signals  in  a  predefined,  orderly  fashion, 
longitudinal  wave  A  wave  that  oscillates  and  travels  in  the  same  direction,  as  op¬ 
posed  to  transverse  wave. 

low-pass  filter  A  filter  that  passes  only  low  frequencies.  Can  pertain  to  electrical 
signals  or  light.  See  also  high-pass  filter  and  band-pass  filter. 

LSI  Large  scale  integration.  A  complex  integrated  circuit  (IC)  that  is  a  combina¬ 
tion  of  many  ICs  and  other  electronic  components  that  are  normally  packaged 
separately.  LSI  (and  VLSI,  for  very  large  scale  integration)  chips  are  used  in  the 
latest  video  equipment  and  held  proprietary  by  the  manufacturer. 
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megabyte  A  term  used  to  indicate  millions  of  bytes;  one  megabyte  (1  Mb)  is  equal 
to  1,048,567  bytes,  or  1024  kilobytes. 

megahertz  A  unit  of  electrical  frequency  equal  to  one  million  cycles  per  second; 
abbreviated  MHz. 

meridional  ray  A  light  ray  that  crosses  through  the  optical  axis, 
micrometer  A  unit  of  metric  measurement  used  to  define  one  millionth  of  a  me¬ 
ter,  or  10'6  meter.  Usually  abbreviated  as  j x. 
micron  A  unit  of  metric  measurement  used  to  define  one  millionth  of  a  meter,  or 
10'6  meter.  Usually  abbreviated  tu.  Since  about  1965,  micron  has  fallen  into  dis¬ 
favor  as  a  metric  term  and  has  been  replaced  by  micrometer. 
microprocessor  The  brain  of  a  computer  or  computerized  system.  Performs  all  of 
the  mathematical  and  logical  operations  necessary  for  the  functioning  of  the  sys¬ 
tem.  Sometimes  called  the  CPU. 

mode  The  degree  to  which  the  beam  of  a  laser  is  spatially  coherent.  Two  common 
modes  are  TEMOO,  characterized  as  spatial  coherence  across  the  diameter  of  a 
beam  and  an  even  spread  of  light,  and  multimode ,  where  the  light  appears  dark 
in  the  center  and  has  rings  on  the  outside  edges, 
modulation  Altering  the  characteristic  of  a  wave  by  imposing  another  wave  on 
top  of  it.  Often  used  to  carry  intelligent  communication  signals  over  electromag¬ 
netic  (radio  and  light)  waves. 

monitor  photodiode  A  special  photodiode  sandwiched  behind  the  laser  diode  for 
the  purpose  of  monitoring  the  light  output  of  the  laser, 
monochromatic  Possessing  only  one  color,  or  more  specifically,  a  specific  wave¬ 
length  (or  a  very  restricted  range)  in  the  electromagnetic  spectrum, 
motherboard  The  main  printed  board  in  a  computer  that  contains  the  micro¬ 
processor,  memory,  and  support  electronics, 
negative  lens  A  lens  that  has  a  negative  (virtual)  focal  point.  Negative  lenses 
cause  light  to  diverge.  See  also  positive  lens. 

Newton’s  Rings  A  series  of  rings  that  appear  because  of  interference  caused  by 
two  closely  spaced  parallel  surfaces.  Newton’s  Rings  occur  mainly  when  sand¬ 
wiching  glass  or  plastic  pieces  together. 

noise  An  undesired  signal.  In  audio  circuits,  noise  is  usually  hiss  and  hum;  in  high- 
gain  amplification  circuits,  noise  is  often  the  result  of  thermal  effects  on  the 
junctions  of  semiconductors.  This  noise  impairs  and  limits  amplification, 
normal  In  optics,  an  imaginary  line  drawn  perpendicular  to  the  surface  of  a  lens, 
mirror,  or  other  optical  component.  Often  referred  to  as  line  normal. 
objective  lens  The  lens  used  to  focus  a  beam  of  light  on  a  subject, 
ohm  The  unit  of  measure  of  impedance  or  resistance. 

optical  axis  Basically,  the  path  taken  by  light  rays  as  it  passes  through  or  reflects 
off  the  components  of  an  optical  system, 
optical  fiber  The  same  as  fiberoptic. 

optical  filter  Any  type  of  a  number  of  mediums  that  restrict  the  passage  of  light 
at  specific  wavelengths. 

parallax  The  shift  in  the  perspective  of  an  object  when  the  viewing  position  is 
slightly  changed. 
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parallel  A  type  of  input/output  scheme  where  data  is  transferred  eight  (or  more) 
bits  at  any  time. 

paraxial  ray  A  ray  that’s  close  to,  and  nearly  parallel  with,  the  optical  axis, 
peak  wavelength  The  wavelength  at  which  the  radiant  power  of  a  source  is  at  its 
highest.  Peak  wavelength  is  generally  expressed  in  nanometers  or  angstroms. 

perpendicular  At  right  angles. 

phase  The  position  in  time  of  a  sound,  electrical,  or  light  wave  in  relation  to  an¬ 
other  wave.  Expressed  in  degrees.  Waves  are  sinusoidal-with  peaks  and  valleys. 
0°  phase  is  when  the  peaks  and  valleys  of  both  waves  are  even.  A  phase  of  180° 
is  when  the  peaks  of  one  wave  coincide  with  the  valleys  of  another, 
photodetector  Any  of  a  number  of  different  types  of  electrical  devices  that  are 
sensitive  to  visible  light  or  infrared  radiation.  The  photodiode,  phototransistor, 
silicon  solar  cell,  and  cadmium-sulfide  cell  are  common  types  of  photodetectors, 
photon  A  “packet,”  or  quanta,  of  light  energy,  used  to  describe  the  particle-like 
characteristics  of  light. 

piezoelectric  effect  An  effect  inherent  in  certain  substances  (mainly  crystals 
and  ceramics),  where  an  application  of  current  causes  vibrational  motion.  Con¬ 
versely,  vibrational  motion  (including  stress,  bending,  and  friction)  causes  an 
output  voltage. 

point  source  Radiation  (usually  light)  whose  maximum  width  or  dispersion  is  less 
than  1/1 0th  the  distance  between  the  source  and  the  receiver.  Generally  any 
source  of  light  that  can  be  considered  originating  as  an  infinitely  small  point, 
polarizer  A  material  that  blocks  light  waves  traveling  in  a  particular  plane.  The 
material  might  also  alter  the  polarization  characteristics,  changing  it  between 
plane,  elliptical,  and  circular. 

polarized  beam  splitter  (PBS)  An  optical  component  used  in  some  compact 
disc  players  that  consists  of  two  prisms  with  a  common  45°  face.  Polarizing  ele¬ 
ments  in  the  beam  splitter  are  oriented  so  that  only  properly  polarized  light 
passes  through. 

population  inversion  A  condition  where  more  atoms  are  in  the  abnormal  high- 
energy  excited  state  than  those  atoms  that  are  in  the  normal  low-energy  ground 
state.  Population  inversion  is  a  must  in  order  for  lasing  to  occur, 
positive  lens  A  lens  that  has  a  positive  (real)  focal  point.  Positive  lenses  cause 
light  to  converge.  See  also  negative  lens. 
pps  Short  for  pulses  per  second,  expressed  as  hertz  if  the  pulses  are  electrical, 
prism  An  optical  component  usually  in  the  form  of  a  wedge  that  redirects  a  light 
beam  by  diffraction  and  reflection. 

Q-switch  A  mechanism  that  inhibits  oscillation  within  a  laser  until  a  certain 
amount  of  energy  is  stored.  When  the  desired  energy  level  is  reached,  the  laser 
is  permitted  to  output  its  light  as  a  short,  high-output  pulse, 
quantization  The  conversion  of  the  instantaneous  amplitude  of  an  instantaneous 
moment  of  sound  (sample)  into  its  approximate  digital  equivalent, 
quantum  A  bundle  of  energy;  photons. 

quarter  wave  plate  (QWP)  An  optical  component  that  shifts  the  polarity  of  light 
90°. 
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RAM  Acronym  for  random  access  memory.  A  type  of  temporary  memory  used  for 
storing  data,  either  entered  by  the  user  or  loaded  from  the  software.  RAM  is 
volatile  (its  contents  are  lost  when  the  power  is  removed) . 
real  image  Light  focused  in  space. 

rectilinear  propagation  Radiation  traveling  in  a  straight  line, 
reflection  The  “bouncing”  of  light  off  the  surface  of  a  medium, 
refraction  The  bending  of  light  as  it  passes  from  one  medium  to  another.  Refrac¬ 
tion  occurs  because  the  velocity  of  light  changes  depending  on  the  density  of  the 
medium  it  is  passing  through. 

resistance  Opposition  to  direct  electrical  current  (dc),  expressed  in  ohms. 

ROM  Acronym  for  read  only  memory.  A  type  of  permanent  memory  where  pro¬ 
gram  instruction  can  be  stored  and  accessed  any  time.  Unlike  RAM,  ROM  is  not 
volatile;  the  contents  of  ROM  are  not  lost  when  the  power  is  removed, 
sample -and-hold  An  electronic  circuit  used  to  sample  incoming  data  and  hold  it 
momentarily  until  the  next  sampling  interval.  Often  used  to  maintain  a  voltage 
level  for  a  period  of  time  for  analog-to-digital  conversion, 
sampling  The  measurement  of  the  instantaneous  amplitude  of  a  signal,  at  regular 
intervals. 

serial  A  type  of  input/output  scheme  where  data  is  transferred  one  bit  at  a  time, 
servo  An  electronic  circuit  that  modifies  its  output  in  accordance  to  a  constantly 
varying  input  signal. 

signal  The  desired  portion  of  electrical  information. 

signal-to-noise  (S/N)  The  relationship,  expressed  as  a  ratio  in  dB,  between  sig¬ 
nal  and  noise. 

skew  ray  A  light  ray  that  does  not  cross  or  come  into  contact  with  the  optical  axis, 
spatial  coherence  1.  The  uniform  arrangement  of  electromagnetic  waves  as  they 
travel  through  space.  2.  Coherence  across  the  diameter  of  the  beam, 
spatial  filter  A  type  of  optical  component  used  to  pass  only  a  small  portion  of  a 
light  beam.  The  filter,  consisting  of  a  pinhole  and  focusing  lens,  cleans  up  the 
beam  by  eliminating  the  effects  of  dirt,  grease,  and  scratches  on  lenses  and  spa¬ 
tial  incoherence  across  the  diameter  of  a  laser  beam, 
speckle  The  grainy  appearance  of  reflected  laser  light,  caused  by  light  reflecting 
off  a  small  area  of  the  object  and  interfering  with  itself  (also  caused  by  local  in¬ 
terference  within  the  eye) . 

spontaneous  emission  Radiation,  usually  visible  light  or  infrared,  which  is  emit¬ 
ted  when  atoms  at  an  excited  state  drop  back  down  to  a  ground  state, 
step  index  The  design  of  an  optical  fiber  where  the  density  (and  therefore  refrac¬ 
tive  index)  of  the  cladding  changes  abruptly  through  its  width.  Step  indexing  is 
the  opposite  of  graded  indexing. 

stimulated  emission  Radiation  emitted  when  atoms  at  an  excited  state  drop  to  a 
ground  state  while  in  the  presence  of  radiant  energy  at  the  same  frequency, 
temporal  coherence  The  uniformity  of  electromagnetic  waves  over  time, 
transmittance  The  ratio,  expressed  in  percentage,  of  the  radiant  power  emitted 
from  a  source  to  the  total  radiant  power  received, 
transverse  wave  A  wave  that  oscillates  at  right  angles  to  the  path  along  which  the 
wave  travels.  Most  light  waves  are  transverse,  as  opposed  to  longitudinal. 
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ultraviolet  The  portion  of  the  electromagnetic  spectrum  immediately  above  visi¬ 
ble  light  and  below  X-rays. 

vacuum  The  absence  of  matter,  including  air. 

virtual  image  An  image  formed  by  diverging  light  rays  that  appear  to  emerge 
from  a  point. 

waist  The  diameter  of  a  laser  beam. 

wave  In  lasers,  an  oscillation,  in  the  form  of  a  sine  wave,  of  electromagnetic  radia¬ 
tion  through  a  medium  (or  through  a  vacuum). 

wave  train  A  series  of  identical  waves. 

wave  front  A  shape  (either  2D  or  3D)  formed  by  wave  points  of  identical  phase 
meeting  at  some  point  in  space.  Also  see  wavelet. 

wavelength  The  distance  between  valleys  and  peaks  of  an  electromagnetic  or 
acoustic  wave. 

wavelet  The  leading  edge  of  a  wave  that  combines  with  the  leading  edges  of 
neighboring  waves  to  form  a  wavefront. 
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ac-operated  power  supply,  177 
acoustic  modulation,  194 
adjustable  voltage  power  supply,  183 
advanced  laser  communications 
data  transmission,  201-206 
He-Ne  laser  photosensor,  206 
aircraft  guidance  systems,  2,  7 
AlGaAs  semiconductor,  158 
all-in-one  He-Ne  lab  laser,  77-81 
Aluminum  stock,  extruded,  355 
amici  roof  prism,  39 
amplification,  light,  3 
analyzer  (polarization),  126 
angle  of  incidence,  116 
angle  of  reflectance,  116 
anodes/cathodes,  He-Ne  lasers,  60 
arcing  laser  light,  308 
argon  lasers,  7 

light  shows  with,  309 
atomic  theory,  2 

B 

ballast  resistor,  He-Ne  lasers,  71 
bar  codes,  1,  157 
bare  tube  lasers,  60 
batteries 

laser  pistol,  319 
power  supply,  184 
beam  expander  lens,  233 
beam  separator,  212-213 
beam  splitters,  39-42 

bench  mount  for,  107 
holographic,  238 


Michelson  interferometer,  144 
operation  of,  39 
simu-laser  project,  55 
Bell,  Alexander  G.,  194 
birefringence,  127 

ordinary  and  extraordinary 
rays  from,  128 
blooms,  73 

bore,  He-Ne  lasers,  60 
breadboards,  354 
Brewster’s  angle,  56 
He-Ne  lasers,  127 
Brewster’s  window,  127 
burglar  alarm,  laser,  337 

c 

calcite,  polarization  and,  128 
capacitors,  356 
carbon  dioxide  lasers,  6 
chemical  lasers,  7 
circuit  boards,  358 
circular  polarization,  126 
circular  wavefront,  69 
cladding  (fiber  optics),  210 
coherent  light,  15 
collimated  light,  15 
achieving,  133 
color 

He-Ne  lasers,  70 
wavelengths  of,  10-11,  30-31 
colored  gel  filters,  41 
communications,  1 

advanced  projects  in,  201-207 
free  air  light  laser,  187-199 


computer  control,  367 
concave  lens,  33 
cone  effects,  288 
cone  of  acceptance,  210 
confocal  resonator,  61 
constructive  interference,  119 
continuous  wave  diodes,  158 
convex  lens,  33 
core  (fiber  optics),  210 
crest,  10 

critical  angle  of  incidence,  116 
crown  lens,  31 

cryogenic  cooling,  semiconductor 
lasers,  340 
ciystal  lasers,  6 
cube  beam  splitter,  39 
cycles  (wave),  10 
cylindrical  head  lasers,  He-Ne,  62 
cylindrical  hologram,  262 

D 

darkroom,  holographic,  237 
data  transmission,  201-206 
deflection,  14 

destructive  interference,  119 
dichroic  filters,  42 
dielectric  reflective  coatings,  37 
diffraction 

apparatus  for,  1 1 9 
calculating  frequency,  wave¬ 
length,  velocity  in,  123 
constructive  and  destructive 
interference  in,  121 
diffraction  gratings  for,  123 
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diffraction  continued 

experiments  with,  118-125 
fringe  patterns  in,  121 
Huygen’s  principle  and,  118 
Ronchi  ruling  experiment  in, 
124 

diffraction  gratings,  43 

experiments  with,  123-124 
diode  lasers,  157 
diodes,  357 
divergence,  15,  34 
Doppler  effect,  219 
doublet  (duplet)  lens,  36 
double-concave  lens,  35 
double-convex  lens,  35 
dye  lasers,  3 

E 

Einstein,  Albert,  light  theory  and,  2, 
127 

electromagnetic  seismograph,  225 
electromagnetic  spectrum,  8 

frequency  and  wavelength  vs., 
10 

electronic  modulation  of  cw  diode 
laser,  197-198 
elliptical  polarization,  126 
emission,  spontaneous  vs.  stimu¬ 
lated,  2 

enclosed  laser  head,  81-87 
equilateral  prism,  39 
excimer  lasers,  8 
excited  state,  2 
expanding  laser  beams,  133 
experiments  in  light  and  optics,  49- 
57 

extraordinary  rays,  128-129 
extruded  aluminum,  355 

F 

Fabry-Perot  interferometer,  61 
fiber  optics,  1,  8,  209-221 

beam  separation  with  optical 
bundles,  219 

development  and  history  of, 

209 

experiments  with,  218-221 
graded-  vs.  step-index  fibers 
for,  211 

laser  data  link  using,  214 
operation  of,  209-210 
total  internal  reflection  and, 

210 

film,  holographic,  239 


filters,  40-42 

bench  mounts  for,  108 
optical  test  rack  for,  108-109 
polarizing,  127 
fluid  aerodynamics,  340 
focal  length,  lens,  33 
focus,  32 

focused  laser  light  danger,  23 
focusing  laser  beams,  131-132 
Foucault  measuring  device,  136 
free-air  laser  light  communications, 
187-198 

acoustic  modulation  in,  194 
electronic  modulation  of  He-Ne 
lasers,  198 

light  as  modulating  medium  in, 
187 

free-electron  laser,  315 
frequency,  12 

calculation  for,  123 

wavelength  and  electromag¬ 
netic  position  vs.,  12 
frequency  meter,  352 
fringe  counter,  51 
fringe  patterns,  118 
formula  for,  118 
interferometer,  137 
interferometer  to  count,  151 
Michelson  interferometer,  135 
front-surface  mirrors,  37 
function  sine  wave  generator,  282 

G 

GaAs  semiconductors,  157 
galvanometers,  292-308 
audio  source  for,  298 
commercial,  293 
construction  of,  304 
driving,  294 
oscillator  for,  295 
powering  oscillator  and  drive 
circuits  in,  298 

gas  discharge  laser,  development 
of,  15-16 
gas  lasers 

development  of,  15-16 
lasing  compounds  for,  5-6 
major  components  of,  61 
Gaussian  irradiance  profile,  He-Ne 
lasers,  67-68 

Glan-Taylor  polarizers,  128 
glass  lasers,  5 

Gould,  Gordon,  laser  invented  by, 

16 

graded  index  fibers,  211 


gratings,  43,118 
ground  state,  2 

gyroscopic  inertial  guidance  sys¬ 
tems,  337 

H 

haloes,  73 

hardware  supplies,  354 
helium-neon  laser  experiment  sys¬ 
tem,  77-89 

all-in-one  lab  laser,  77 
enclosed  laser  head,  81 
laser  breadboard,  87 
helium-neon  lasers 

ac-operated  power  supply  for, 
177 

ballast  resistor  in,  71 
basic  12-volt  power  supply  for, 
170 

beam  characteristics,  66 
Brewster’s  angle  in,  69 
burn  in  for,  72 

buying  and  testing  tubes  for, 

72 

colors  of,  70 
components  of,  61 
cross  section  of,  61 
energy  levels  of,  71 
Gaussian  irradiance  profile  for, 
68 

linear  vs.  random  plane  polar¬ 
ization  in,  69 
mirrors  in,  61 
physical  size  of,  66 
power  output  from,  65 
power  supplies  for,  62-65, 
169-179 

powering  tubes  in,  75 
pulse-modulated  dc-operated 
power  supply  for,  174-176 
resonators  for,  61 
single-  vs.  multi-mode  beam 
characteristics,  68 
types  of,  62 

voltage/current  levels  for, 
64-65 

hemispherical  resonator,  61 
high-output  LEDs,  49-50 
holographic  interferometer,  265 
holography 

advanced,  253-268 
beginning,  231-251 
chemicals  for,  278 
homojunction  diodes,  157 
Huygens’ principle,  118 
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I 

IC  sockets,  358 
index  of  refraction,  30 
infrared  lasers,  hazards  of,  24 
injection  lasers,  157 
integrated  circuits,  357 
interference,  constructive  vs.  de¬ 
structive,  119 
interference  filters,  41,42 
interferometer,  types  of,  151-155 
interferometer  experiments,  150- 
151 

inversion,  atomic,  3 
ionization,  2 

J 

jacket  (fiber  optics),  210 
joules,  13 

K 

kinetic  energy  weapons,  314 
krypton  lasers,  light  shows  with, 
309 

L 

laser  beam  expander,  110 
laser  beam  manipulation,  131-134 
laser  breadboard,  87-88 
laser  diode,  9 

homo-  and  heterojunction, 
157 

power  supply  for,  159 
transmitter,  using,  193 
laser  optics  experiments,  i  13-134 
laser  pistol,  315 
laser  surveillance  project,  332 
laser  weapons,  313 
laser/fiber  optic  seismograph,  223 
lasers 

applications  for,  1 ,  2 
basic  skills  required  by,  19 
beam  diameter  (waist),  66 
bench  mounts  for,  95 
buying  parts  for,  361 
characteristics  of  light 
emissions  by,  66 
components  of,  14,  61 
computer  control,  367 
fiber  optics  and,  209 
computer,  367-370 
introduction  to,  1 
light  properties  of,  15 
multiple-line,  12 


power  output  of,  13 
radiation  hazards  for,  20 
seismology  and,  223 
types  of,  5 

wavelengths  employed  by, 

8,  12 

x-ray,  5 

lasing  materials,  3,  5 
lens 

adjustable  mounting  for, 

100,  101,  104 
bench  mounts  for,  99 
coatings  for,  36 
combinations  of,  35 
convergence  and  divergence  of 
light  in,  32 
crown,  31 
diameter  of,  33 
focal  length  of,  33 
fundamentals  of,  31 
optic  test  rack  for,  109 
PVC  mounts  for,  100 
reflective  properties  of,  36 
Schott,  31 
shape  of,  32 

total  internal  reflect  in,  119 
types  of,  33 

light 

convergence  and  divergence 
of,  32 

electromagnetic  spectrum  of, 

10 

eye  damage  caused  by,  23 
focusing,  simu-laser  for,  51 
particle  and  wave  components 
of,  2 

properties  of,  15 
speed  of,  Foucault  measuring 
device  for,  136 
wavelength  of,  10-12 
light  pipes,  209 
light  shows 

advanced,  219 

argon  and  krypton  lasers  in,  309 
cone  effects  in,  308 
Federal  regulations  on,  310 
galvanometers  for,  292 
locations  for,  29 1 
professional,  310 
smoke  effects  in,  208 
sound-modulated  mirrors  for, 
284 

Spirograph,  effect,  in,  269 
light  emitting  diodes  (LED) 
high-output,  49 


semiconductor  lasers  using,  325 
line  normal,  30 
linear  measurement,  151 
linear  polarization,  126 
liquid  lasers  (see  dye  lasers) ,  5 
Lloyd’s  mirror  interferometer,  155 
logic  probe,  349 
logic  pulser,  350 

M 

Maiman,  Theodore,  16 
mainline,  12 

multiple-line  lasers  vs.  12 
masers,  16 

Maxwell,  James  Clerk,  136 
meniscus  lens,  33 
metal  reflective  coatings,  37 
metastable  state,  2-3 
metric  prefixes,  10 
Michelson  interferometer,  135-150 
adjustment  and  testing  of,  146 
basic  structure  of,  136 
beam  splitter,  lens,  viewing 
screen  for,  144 
components  of,  138 
construction  of,  137-138 
history  of,  135-137 
modification  of,  149-150 
non-apparent  fringes  in,  148 
Michelson,  Albert  A.,  interferome¬ 
ter  by,  135 
mirrors 

amount  of  reflection  in,  36-37 
bench  mounts  for,  105 
coatings  for,  37 
defects  in,  45 

front  vs.  rear-surface,  37,  116 
function  of,  36 
He-Ne  lasers,  60,  61 
holographic,  238 
light  show,  270 

Michelson  interferometer,  147 
reflection  and,  36 
reflective  surfaces  on,  36 
simu-laser  project,  55 
sound  modulated,  278 
modulation 

acoustic,  194 
electronic,  188,197 
light,  187 
speaker  cone,  196 
monochromatic  light,  .15 
mounts 

beam  splitter,  107 
filter,  107 
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lasers,  98 
lens,  99 
mirror,  102 
prisms,  107 

multiple-beam  reflection  hologram, 
261 

multiple-line  lasers,  12 
multiple-voltage  power  supply,  183 

N 

nanometers,  10 
nd:glass  lasers,  5 
nd:YAG  lasers,  5 
negative  meniscus  lens,  35 
neodynium,  5 

o 

op  amp  sine  wave  generator,  282 
optical  bench,  91,  92 
optical  cavities,  61 
optical  heterodyning,  219 
optical  rail,  109 
optical  resonant  cavity,  59 
optical  switch  with  LCD  panel,  331 
optical  test  rack,  collimator  and, 
110 

optically  pumped  lasers,  2 
optics 

care,  cleaning,  and  storage  of, 
45 

experiments  with,  113 
purchase  of,  44 
ordinary  rays,  128-129 
oscilloscope,  351 

P 

particle  beam  weapons,  314-315 
particles,  light,  8 
PeanutVision  light  can,  279 
phase  shifters  (see  retardation 
plates),  130 
photons,  2,  10 
photophone,  194 
pinholes,  42 
plane  polarization,  126 
plane  wavefront,  68 
piano  lens,  33 

plasma  tube  (see  vacuum  tube),  60 
plate  beam  splitters,  39-41 
pointer,  329 
polarization 

birefringence  and,  127 
Brewster’s  window  and,  127 


calcite  experiments  with,  128 
circular,  126 
elliptical,  126 
experiments  in,  125-131 
filters  for,  126 
He-Ne  lasers,  69 
linear,  126 
plane  (linear),  126 
random  plane,  126 
retardation  plates  and,  130 
population  inversion,  3 
porro  prism,  39 
positional  modulation,  283 
positive  meniscus  lens,  35 
power  output  calculations,  13 
power  supply 

ac-operated  He-Ne,  127 
adjustable  voltage,  183 
all-in-one  He-Ne  laser,  81 
ballast  resistors  for,  7 1 
basic  12 -volt,  170 
buying,  364 
components  of,  75 
enclosed  laser  head,  85 
enclosure  for,  178 
experimenters’,  181-185 
He-Ne  lasers,  62-65,  169-179 
laser  diodes,  162-163 
multiple-voltage,  181 
pulse-modulated  dc-operated, 
174 

semiconductor  laser,  159 
prisms 

bench  mounts  for,  107 
simu-laser  project,  56 
total  internal  reflection  in,  117 
pumping,  2-5 

Q 

quad  power  supply,  181 

R 

radiation  hazards,  20 
rail,  optical,  109 
random  plane  polarization,  126 
rear-surface  mirrors,  37 
reflection,  3 

angle  of  incidence  in,  36 
experiments  with,  116-118 
front-surface  vs.  rear-surface 
mirrors,  117 
law  of,  116 
principles  of,  36 
total  internal,  116 


reflection  hologram,  257 
reflective  coatings,  36 
reflective  gratings,  43 
refraction,  38 

density  of  media  and,  20-31 
direction  of  light  travel  and,  29 
experiments  with,  113-115 
interferometer  to  study,  151 
lens  shape  and,  31-32 
plate  glass,  114 
Snell’s  law,  115 
through  water,  115 
wavelength  and,  30 
refractive  index,  30,  114-115 
resistors,  356 
retardation  plates,  130 
retroflector,  61 
Richter  scale,  224 
right  angle  prism,  39 
Ronchi  Ruling,  44 
roof  prism,  39 
ruby  lasers,  5,  16 

s 

safety  precautions,  19 
sandbox,  holographic,  231 
scanning  systems,  292 
cone  effects  in,  308 
sheet  effects  in,  308 
Schott  lens,  31 
seismology,  223-224 
self-contained  lasers,  62 
semiconductor  lasers 

components  of,  157-159 
cryogenic  cooling  of,  340 
development  of,  4,  15-16 
handling  and  safety 
precautions  for,  162 
major  components  of,  157-159 
monitoring  power  output  in, 
160 

mountings  and  heat  sinks  for, 
163 

shop  setup,  343 
simulated  laser  project,  50-57 
sine  waves  (see  waves),  10 
sine/cosine  generator,  297 
single-beam  holographic  transmis¬ 
sion,  241 
singlet  lens,  36 
slits,  43 

diffraction  experiments  with, 
118 

smoke  effects,  208 
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Snell’s  law,  115 
solid  lasers,  3 

sound  modulation  of  airplane  ser¬ 
vos,  284 

sound  servos,  284 
sound-modulated  mirrors,  279 
Peanut  Vision  light  can  using, 
279 

spatial  coherence,  43 
spatial  filters,  43 
speckle,  30 
spectrum,  10 
spider,  He-Ne  lasers,  60 
Spirograph  effect  light  show,  269 
spontaneous  emission,  3 
sputtering  tubes,  74 
step-index  fibers,  211 
stimulated  emission,  3 
Strategic  Defense  Initiative  (SDI), 
315 

stretched  membrane  modulator,  194 
structural  stress  testing,  150 
sub-beams,  124 
surveillance,  laser,  332 

T 

tachometer,  laser,  334 
temporal  coherence,  15 
throw,  light  shows,  292 
tools  and  supplies,  343 
total  internal  reflection 
fiber  optics,  210 


lens,  119 
prisms,  117 
transformers 

electrical  modulation,  197 
power  supply  use  of,  63 
transistor,  356 

electronic  modulation,  198 
translation  stages,  138 
transmissive  gratings,  43 
triplet  lens,  36 
tube 

defective,  73 
gassed  out,  74 

He-Ne  buying  and  inspecting, 
72 

sputtering,  74 


u 

universal  asynchronous 

receiver/transmitter  (UART), 
201 


V 

vacuum  (plasma)  tube,  He-Ne 
lasers,  60 

velocity,  calculation  for,  123 
vibration  and  movement  detector, 
151 

viewing  screen,  Michelson  interfer¬ 
ometer,  144 
volt-ohm  meter,  346 


w 

waist  (laser  beam  diameter),  66 
wavefronts,  plane  and  circular,  68 
wavelengths,  2,  9-11 
calculation  for,  123 
colors  and,  10 

frequency  and  electromagnetic 
position  vs.,  10 
laser,  3 

refraction  based  on,  30 
waves,  10 

weapons  systems,  314-315 

laser  pistol  project,  315-321, 
325-330 

overview  of,  313 
small  scale,  315 
wire,  358 

wire-wrapping  tools,  352 

X 

x-ray  lasers,  5 

Y 

Young,  Thomas,  diffraction  experi¬ 
ments  by,  119-123 
yttrium-aluminum  garnet  laser,  5 

z 

zero  order  fringe,  121 
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Explore  the  Future 
in  Your  Own  Home  Lab! 
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Yes,  you  can — build  a  laser  ray  gun,  put  on  a  professional-level  laser  light  show, 
create  holograms,  and  perform  dozens  of  other  fascinating  and  fun  experiments 
with  the  simple  instructions  in  this  magic-packed  book. 

Renowned  electronics  writer  Gordon  McComb  shows  you  how  to  to  build 
more  than  88  exciting  projects  with  inexpensive,  easily  obtained  components 
and  step-by-step  illustration-laden  instructions.  In  addition  to  ray  guns, 
light  shows,  and  holograms,  he  gives  you  clear,  complete,  and  tested  plans  for 
constructing  projects  that: 

■  Detect  intruders  around  a  perimeter  ■  Perform  laser  "snooping" 

■  Precisely  measure  the  speed  of  light  ■  Explore  fiberoptics 

■  Use  lasers  to  study  hydrodynamics  ■  Perform  simple  scanning 

.  .  • 

■  Confirm  earthquake  potential  ■  Throw  a  switch  with  light 

■  Modulate  sound  with  light  ■  Transmit  data  with  lasers 

■  Measure  ob j  ects'  speed  with  high  accuracy 

■  Carry  your  voice  over  a  beam  of  light 

J  •  ■  *  ■ . 

M  And  much  more! 
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Laced  with  fascinating  scientific  history,  this  book  of  field-tested  projects  is 

organized  to  facilitate  your  own  creative  construction!  Module  organization 
makes  it  easy  to  invent  and  construct  new  projects  galore.  Full  appendices  give 
you  parts  sources,  suggested  reading,  and  a  glossary. 
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